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GENERAL INTRODUCTION 
Barley (Hordeum vulgare L.) often is grown in areas of the world with limited 
precipitation. Almost 40% of the II million hectares of barley grown in west Asia and 
North Africa receive less than 300 mm annual rainfall (Ceccarelli and Mekni, 1985). 
Barley is among the crops most adapted to dry areas (Hadjichristodoulou, 1986). 
In Morocco, farming systems have evolved to cope with the problems associated 
with highly variable and, frequently, chronically deficient rainfall. Cereals (mainly 
barley and wheat ITriticum aestivum L.]) are the dominant arable crops. Livestock is 
closely integrated into the farming system and crop production practices often reflect the 
importance of animals as a major source of income. Barley is usually grown for dual 
purpose in that it is often grazed by sheep during the winter months when it is young and 
green, and then allowed to recover to produce grain. This practice of using winter 
cereals as dual-purpose crops has been reported mainly on wheat in the USA and 
Australia (Croy, 1983; Sharrow and Motazedian, 1987; Walker et al., 1988) and mainly 
on barley in West Asia and North Africa (Yau et al., 1989). The value of the forage 
removed can be the difference between profit and loss from the small grain crop (Krenzer 
and Doye, 1988). Cultivars of barley for Morocco and North Africa 
(Hadjichristodoulou, 1986), wheat, oat (Avena sativa L.), rye (Secale cereale L.) and to a 
lesser extent triticale (X. tritosecale Wittmack) in USA (Bruckner and Hanna, 1990) 
currently utilized for forage production were developed primarily for superior grain yield 
and disease resistance, and identified as having forage production potential during the 
testing process after cultivar release. 
Cultural practices for maximizing forage production differ from those 
recommended for grain production (Donnelly and McMurphy, 1983; Croy, 1983). These 
differences include earlier seeding, higher seeding rates, higher fertilizer rates, and 
grazing management to maximize forage production with minimal reduction of grain 
yields. In semi arid regions, however the major limitation to early seeding for fall forage 
production is inadequate water for germination and growth (Croy, 1983). Depending on 
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the time of the first effective rainfall, grazing can begin as soon as adequate leafage 
develops (tillering stage, before stem elongation in December and January in the Northern 
hemisphere). Regrowth and subsequent grain can be harvested in May to June. Under 
such management practices barley is subject to biotic stresses and injury from grazing 
livestock, and abiotic stresses from water deficit, which affects barley's growth, quality, 
and yield. 
Most of work conducted on small grain cereals grown for dual purposes has been 
focused on dry matter and grain yields without examining the effect of defoliation on 
physiological changes that take place after defoliation of barley, especially where rainfall 
is limiting. Most of these studies fixed the date of defoliation rather than stage of growth 
for defoliation, and showed therefore treatment effects on the grain yield. However, 
interactions of grazing and water stress on forage quality of barley have not been studied. 
A close examination of the effect of both defoliation and water supply on the behavior of 
small grain cereals in general, and barley in particular, is needed. The main questions 
that need to be answered are : 
1. What are the effects of various defoliation intensities at different growth stages on 
the agronomic and physiological traits of barley? 
2. What are the effects of early defoliation on forage quality components as barley 
matures? 
3. How does limited water supply affect plant regrowth, physiology, yield, and 
forage quality parameters of plants subject to defoliation at early stages of growth? 
All of these questions need to be answered to assess growth of barley that is grown 
in semi-arid areas of Morocco where wheat grows poorly and where climatic 
irregularities including rainfall are frequent. Based upon these considerations the 
objectives of this study were (i) to determine the response of plant growth and 
development of barley to intensity of defoliation at different growth stages, (ii) to 
evaluate the response of various forage quality characteristics of barley to intensity of 
defoliation at different stages of growth and water supply treatments, and (iii) to 
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determine the response of plant growth, physiology, development, and yield of barley to 
intensity of defoliation and limited water supply. 
Growth and development of small grain cereals 
Small grain cereals have an extremely simple structure, at least until jointing, 
which corresponds to the period of its greatest importance for grazing (Dunphy et al., 
1982). Cereals have an upright growth habit, a morphology that not only allows the most 
efficient use of photosynthetic activity radiation and hence promotes maximum growth 
(Cooper and Breeze, 1971), but which also allows greater grazing efficiency (Jamieson 
and Hodgson, 1979). 
Tillering 
Tiller production and survival depends on genotype, N fertility, water status, 
temperature, solar radiation flux density, day length, plant density, and plant spatial 
arrangement (Masle-Maynard, 1981; Phillips et al., 1994; Simmons et al., 1982). 
Low temperature during early stages of growth promotes tiller production, 
whereas high temperature during the same phase inhibited tillering or increased tiller 
mortality (Rooney et al., 1989; Thome and Wood, 1987). Both the rate of producing 
leaves and the number of tillers produced are decreased by low solar radiation levels 
(Rickman et al., 1985; Lauer and Simmons, 1989). Daylength also affects tillering. 
Batten (1985) found that an oligoculm wheat was uniculm under 16 h photoperiod but 
produced three to four tillers per plant under short days. Other factors influencing 
tillering ability of small grain crops include seed bed stresses, seeding depth, water 
supply, seeding density, fertility, and other stresses (insect damages, defoliation, etc...) 
(Rickman et al., 1985, Hucl and Backer, 1990). 
Barley genotypes are known to differ in tiller production and mortality (Simmons 
et al., 1982). These authors reported that the highest tillering genotype was 42 to 71% 
greater than the lowest and that absolute shoot mortality was higher in the high tillering 
genotypes. Hadjichristodoulou (1985) reported similar results in barley and found also 
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that varieties that possess high tillering capacity had higher variance for number of tillers 
per unit land area than low tillering varieties. 
Tiller mortality is highest during the period between jointing and flowering (Lauer 
and Simmons, 1985). The smallest tillers, which often were the youngest, were the most 
vulnerable when the entire plant was stressed (Masle-Meynard, 1982). Thome and Wood 
(1987) reported that as many as two thirds of tillers produced in wheat failed to survive 
to form heads. Nutritional stresses, shading of tillers, and shifts in shoot photoassimilate 
partitioning patterns have been proposed as factors causing tiller death in grasses (Masle-
Meynard, 1981; Lauer and Simmons, 1985). Simmons and Lauer (1986) confirmed for 
barley that the proportional allocation of photoassimilate to primary tillers in barley 
declined with the onset of rapid main stem elongation. 
During their early growth stages, tillers compete with the main shoot for resources 
(Thome, 1982; Anderson-Taylor and Marshall, 1983). Gu and Marshall (1988) reported 
that in barley, an increase in the photosynthetic rate of the main shoot leaves was 
recorded during the period of import of assimilate from the main shoot by growing 
tillers, and that this source-sink relationships was modified by tiller removal and tiller 
defoliation. 
Nonsurviving tillers contribute, however, appreciable quantity of current 
photoassimilate to the main shoot during early stem elongation before their death 
(Simmons and Lauer, 1986; Chafai and Simmons, 1988). Later on, Chafai et al, (1992) 
found that under both well watered and later imposed water stress conditions, 
nonsurviving tillers returned twice as much dry matter (DM) to the main shoot as was 
provided to them by the main shoot. 
Grain yield is positively related to number of tillers in barley (Mc Donalds, 1990; 
Nachit, 1983). Lauer and Simmons (1985; 1989) and Chafai et al., (1992) reported that 
premature tiller mortality limited grain yield production in barley. Chujo et al., (1990) 
observed that N concentration was higher in the grain bearing tillers than in the non-grain 
producing tillers. Garcia et al., (1984) indicated that tillers less than one third the height 
of the main stem at anthesis would fail to produce heads. 
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Root development 
Plant species differ greatly in shape and size of their root systems and in their 
water extraction patterns. The characteristics of rooting pattern of each species is 
genetically controlled but environmentally modified. Within species, large plants 
normally have greater root lengths than small plants (Taylor and Klepper, 1978). Large 
genetic variation for the root weight, root length, root number, root diameter, and root-
to-shoot ratios were reported in subterranean clover (Trifolium subterraneum L. ; 
Humphries and Bailey, 1961), in small grain cereals (Barraclough, 1984; Blum et al., 
1983; Morita et al., 1988). Comparison of two barley genotypes in a field experiment in 
Syria, demonstrated that the local landrace had a larger root-system at deep depths and 
was able to extract more water slightly earlier in the growing season (Brown et al., 1987; 
Wahbi and Gregory, 1989). 
Plant tops and roots tend to be in some dynamic equilibrium, which can be shifted 
to a limited degree by stresses imposed on the plant. However, roots elongate fastest in 
soil volumes where conditions are most favorable (Profitt et al., 1985). Thus rapid 
elongation of a particular root segment depends on adequate supplies of photosynthate and 
growth regulators from shoots and also on favorable soil conditions near the particular 
root segment. 
Plants having a larger leaf area have also a larger root volume (Klepper et al., 
1984), It was found in winter wheat that shoot-to-root ratio declined from 0.4 in winter 
and early spring to about 0.1 by anthesis (Barraclough, 1984). Growth of the barley root 
system has been characterized by a rapid increase in weight with time, which ceased 
suddenly just before the head of the main shoot emerged (Gregory et al., 1978). This 
was also shown by Anderson-Taylor and Marshall (1983), who found that spring barley 
root systems reached maximum phytomass 6 wks from sowing when shoot weight was 
only 50% of its value at maturity. 
Concerning the relationship between root development and yield, positive 
relationships were reported between extensive root systems and forage yield in alfalfa 
(Medicago sativa L.; Simpson et al., 1977) and in annual medics (Medicago sg; Derkaoui 
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et al., 1990). Hockett (1986) found that number of kernels per spike increased as roots 
per tiller and per plant increased. This positive relationship becomes more evident under 
water deficit-stress conditions as was reported for barley, wheat, and sorghum (Sorghum 
bicolor (L.) Moench) (Quisenberry, 1982; Tahir and Shad, 1983). 
Developmental phenology 
Barley genotypes, which are long-day plants, are known to differ in rates of 
phenological development according to their growing conditions. Generally in barley, 
days to maturity is positively correlated with length of the vegetative period (Samarrai et 
al., 1987). On average barley genotypes have about 60% of their life cycle for 
vegetative growth, and about 40% of their life cycle for grain filling. Rasmusson et al., 
(1979) obtained high heritability estimates for the duration of the vegetative period and 
comparatively low estimates for grain filling period. Metzger et al. (1984) reported that 
the length of the grain filling period was not an important factor in determining yield in 
wheat and barley, respectively. Differences in grain filling period among barley cultivars 
was reported to be largely due to the differences in vegetative period rather than the 
differences in days to maturity (Samarrai et al., 1987). 
Photosynthesis 
Leaf photosynthetic capacity is determined by stomatal and mesophyll 
characteristics. Leaf anatomical characteristics such as mesophyll volume (Nobel et al., 
1975), number of mesophyll cells per unit leaf area (Jellings and Leech, 1982), and 
stomatal density (Bjôrkman et al., 1972), have been correlated with the carbon exchange 
rate (CER) of leaves. In grasses, stomatal density, leaf anatomy, and intercellular spaces 
are determined during early phases of epidermal cell elongation (MacAdam et al., 1989), 
which occurs at the base of the elongating leaf well before chloroplast development is 
complete (Dean and Leech, 1982; Nakamura and Hashimoto, 1988). 
Variations in CER are generally brought by genetic, ontogenic, and environmental 
factors such as radiation intensity, wind speed, soil moisture, and air humidity, which 
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affect stomatal aperture through water loss from leaf tissue or a direct effect on stomata 
(Kuroda and Kumara, 1989). Photosynthetic efficiency (grain carbon /CER) were 
reported to differ significantly among wheat cultivars and that high grain yield was not 
necessarily associated with high CER per unit land area (Bruns and Croy, 1985). 
However Kokubun et al. (1988) presumed that greater sink demand by high-yielding 
cultivars of soybean were responsible for higher apparent photosynthesis (AP), not that a 
higher AP contributed to an increased seed yield. 
Forage production and dry matter yield of small grains 
The use of barley as forage has been reported by many investigators. Most of 
these investigators reported that barley produced equal or more forage than other small 
grain cereals or annual legumes in dry environments (Hadjichristodoulou, 1990). 
Undoubtedly, barley possesses an inherent advantage for producing profuse early 
vegetative growth even under limited input conditions. Such an advantage allows its use 
as a grazed crop early in the growing season (Hadjichristodoulou, 1991) or to be 
conserved as silage and fed to lactating dairy cows at booting or soft-dough stages 
(Acosta et al., 1991). Yau (1987) reported that triticale is inferior to barley as a dual 
purpose crop under representative barley-growing areas and conditions in Syria, and that 
the early availability of a sizable amount of forage gives barley a decisive advantage over 
triticale for green stage grazing. 
The dry matter (DM) yield and nutritive value of barley forage is higher than that 
of other small grain crops such as oat, wheat, and triticale (Verma et al., 1987; Nachit, 
1983). Favorable characteristics of a good forage barley cultivar include prostrate growth 
habit during the seedling stage, medium maturity, lodging resistance, cold resistance, 
high tillering capacity, high DM yield, and large spikes (Hadjichristodoulou, 1986; Gong 
et al., 1990). Long term screening for cultivars with these characteristics in Cyprus 
resulted in selection of the Moroccan barley 628 as being the most "forage-barley" under 
dryland conditions. 
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Although high grain yield is the main selection criterion for cultivar release in 
most areas, in the North African region where livestock production (mainly sheep) is 
associated with cereal production, plant height is also important (Bouzerzour, 1990). 
Straw production was reported to be more consistent among cultivars than grain yield and 
that grain yield was not associated with high straw yield (White, 1987; Stuthman and 
Marten, 1972). Lodging is a major problem with these tall cultivars under favorable 
growing conditions. It is mainly due to weak culms. 
When small grain cereals are grown for forage as well as for grain, the leaf area 
remaining after defoliation is important in determining subsequent forage regrowth. The 
rapid regeneration of leaf area is necessary to establish sufficient photosynthetic capacity 
to support maximum regrowth and grain yield (Dunphy et al., 1984). Milthorpe and 
Davidson (1966) stated that regrowth of single plants of ryegrass (Lolium perenne L.) or 
orchardgrass (Dactylis glomerata L.) was proportional to the leaf area remaining after 
defoliation. This conclusion was supported by other authors for additional cool-season 
grasses (Booysen and Nelson, 1975; Dunphy et al., 1984). Genetic variation was 
reported in barley cultivars by Kirby and Riggs (1978), in that two-row genotypes had 
more leaves on the main shoot than the six-row genotypes, which were initiated more 
slowly but emerged more rapidly. 
Grain yield 
Grain yield of small grain cereals in general is determined by environmental 
factors as well as genetic and physiological characters of the crop. Barley is widely 
adapted to areas where drought is encountered. Like wheat, barley produces well on a 
wide range of soil textures, but does not grow well on sandy soils (Phillips et al., 1994). 
The rank order in terms of grain production has been reported to be wheat, barley, oat, 
and rye (Schrickel, 1986). 
Grain yield of a particular genotype of small grain cereal is related to the plant's 
height and DM yield. For durum wheat grown in a dry Mediterranean climate, Nachit 
and Jarrah (1986) reported a positive correlation between plant height and grain yield. 
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Similar results were reported for barley by Samarrai et al. (1987), and Hadjichristodoulou 
(1987). Whereas Shepherd et al. (1987) found a strong linear relationship between grain 
yield or total DM yield and number of kernels per plant. However, White (1987) and 
Riggs et al. (1981) attributed higher grain yield in recently introduced cultivars of spring 
barley to increase in harvest index (HI) rather than to increase in total above ground dry 
matter. Harvest index varied markedly among barley cultivars with a mean value of 27% 
and a range of 19 to 42% (Samarrai et al., 1987). 
Bingham (1969) indicated that grain yield was dependent on sink size, which was 
largely determined during the vegetative period, and on the photosynthetic capacity 
during the grain filling period. Anthesis date was reported to be negatively correlated 
with yield among wheat (Ehdaie and Waines, 1993; Shepherd et al., 1987) and barley 
(Hadjichristodoulou, 1987) genotypes. Days from planting to maturity, plant height, root 
DM yield, and shoot DM yield each have a negative correlation with HI in wheat (Ehdaie 
and Waines, 1993). 
The relationship between grain yield and partitioning in small grain cereals was 
studied in many species. The period between the initiation of the terminal spiklet and 
anthesis is critical for determination of grain yield because the potential number of grains 
per head is set at this time and also because stem and head commence rapid growth and 
compete for assimilates (Borrell et al., 1989). Stored assimilate at anthesis seems to be 
divided almost equally between water-soluble carbohydrates in stem tissue and proteins in 
leaves (Fischer 1983). The stem is a major temporary store of carbohydrates in the 
wheat and barley crops. Carbohydrates stored in the stem both before and after 
flowering can be mobilized, contributing directly to grain growth. Fischer (1983) 
postulated that translocation of stored carbon from leaf and stem to the grain may permit 
grain to grow at higher rates than the rate of accumulation of DM by the crop during late 
grain filling. The contribution of preanthesis assimilates in the stem to final grain yield 
has been shown to range from 10% in wheat (Austin et al., 1977) to 70% in barley 
(Gallagher et al., 1975). Studies using frequent in situ labeling of the whole crop canopy 
with CO2 generally suggest a contribution of around 12% in well-watered crops and 22% 
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in droughted crops (Bindinger et al., 1977). Blacklow and Incoll (1981) demonstrated 
that half to two thirds of the yield of DM and N in the grain were obtained during the 
period between anthesis and maturity. 
Forage quality of small grains cereals 
Forage quality of small grains 
Barley growth in arid regions often comes at a time when its is most needed by 
sheep and cattle requiring improved nutrition, i.e during lambing and calving. When 
used as forage, small grain cereals provide some of the highest quality forage available 
and animal gains are often superior to those obtained on warm-season forages (Croy, 
1983). The forage is high in water and soluble constituents concentrations. The nutrients 
in wheat pasture are readily available and rapidly digested (Horn, 1983, and Cherney and 
Marten, 1982b). 
Differences among small grain cereals for forage quality and yield have been 
reported by many authors (Cherney and Marten, 1982; Gervais et al., 1987; McElroy and 
Gervais, 1983). They found that barley often had greater nutritive value than did oat, 
wheat, or triticale, and often had higher in vitro digestible dry matter (IVDDM) than the 
other species. Forage quality of these small grain cereals can be predicted by growth 
stage or growing degree days, but variation in quality among small grain cereals species 
is as great as variation among genotypes within a species (Bruckner and Hanna, 1990; 
Chapko et al., 1991). Tall, late genotypes of oat typically have high forage yield and 
low forage quality (Chapko et ai., 1991). 
Cultivar differences in forage quality of small grain crops and their changes with 
growth and maturation have been highly associated with the concentration of lignin or 
cell-wall constituents (Cherney and Marten, 1982b). However, Goto et al. (1991) 
observed that differences in the cellulose degradability of straw from various spring 
barley cultivars incubated in the rumen are not related to lignin or cell wall 
polysaccharide concentration. Sanderson and Wedin (1989) and Buxton and Marten 
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(1989) indicated that DM degradability of grasses declines linearly with increasing 
maturity. Genetic variation for the rate at which forage quality declines with advancing 
maturity has been demonstrated in smooth bromegrass (Reich and Casier, 1985) and 
timothy (McEloroy and Christie, 1986). 
Kondo et al. (1992) reported that cereal straw has low feeding value because it is 
rich in lignified cell wall polysaccharides. Feeding trials also indicated that genetic 
variability in straw quality of barley is present and tall genotypes generally had lower leaf 
proportion and lower feeding value than lines with short plants (Capper et al., 1989; 
Anonymous, 1987; 1988). 
Crude protein content 
Cereals are known to normally have lower protein concentration than legumes. 
There is published information, however, that shows that DM of forage barley at the 
tillering stage is 200 to 300 g kg ' CP, which is even higher than that of forage legumes 
(Hadjichristodoulou, 1990; Droushiotis and Wilman, 1987). Verma et al. (1987) 
recorded significant variations for protein concentration which ranged from 113 to 203 g 
kg"' at the milk stage. Stems of barley contain about half as much CP and ash as leaves 
(Herbert and Thompson, 1992). Minson (1990) reported average CP concentrations of 
129 g kg"' DM in cool-season grasses. In cool-season grasses, more than 90% of N in 
leaves and stems was from cell solubles (Sanderson and Wedin, 1989). 
Crude protein concentration decreases with age. The average decrease in CP 
concentration with maturity was reported to be about 2.2 g kg'd"' DM for several 
species (Buxton et al., 1994). Buxton and Marten (1989) also reported that reed 
canarygrass (Phalaris arundinacea L.) contained 305 g kg"' DM of CP and that the CP 
concentration declined linearly overtime at a rate of 4.2 g kg"' d"' DM. This decline was 
associated with a decrease in CP concentration in both leaves and stems. Dumont and 
Lanuza (1990) found that total protein concentration of oat decreased rapidly from 270 g 
kg"' at the leafy stage to 90 g kg"' at the full head stage, and decreased further to 63 g 
kg"' at the hard grain stage. Other reports have also reported reduced protein 
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concentrations and increased fiber levels as small grains matured (Cherney and Marten, 
1982; Helsel and Thomas, 1987). 
Cell-walls in small grains forages 
High quality forage should be high in digestibility and contain small amounts of 
fiber components, neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid 
detergent lignin (ADL). The ADF and ADL are often positively correlated with each 
other and negatively correlated with digestibility (Stuthman and Marten, 1972). The fiber 
content of wheat forage is low with most ADF values falling below 300 g kg ' DM and 
most NDF values falling below 500 g kg"' of DM. Lignin values range from 25 to 50 g 
kg"' DM for most of the grazing season (Horn, 1983; Cherney and Marten, 1982b). 
Herbert and Thompson (1992) observed that the leaf and stem fractions of the 
two-rowed barley contained less ADF than the six-rowed genotypes. Work on small 
grain cereals conducted by Bruckner and Hanna (1990) indicated that lignified stem tissue 
is greatest in wheat and triticale and least in oat and rye. Cherney et al. (1983) found 
that barley had even less lignified tissue than oat. Variation in cell-wall lignin 
concentration was reported by Buxton (1990) and Buxton and Russell (1988). Buxton 
(1990) and Buxton et al. (1994) indicated that for most cool season grasses, stems have a 
greater concentration of cell walls than leaves, and that stem digestibility declines more 
rapidly with increased plant maturity than does that of leaves. During leaf, stem, and 
head development the concentration and amount of water soluble carbohydrates in leaves 
and stems decrease at the same time and there is a strong increase in concentration and 
amount of cell wall constituents especially in leaves and in stems (Ellen and Oene, 1989; 
Buxton et al., 1994). Cellulose synthesis increases with maturation and gradually 
replaces the majority of a smooth bromegrass plant's hemicellulose synthesis (Casier, 
1986; Bidlack and Buxton, 1992). Because of the negative correlation that usually exists 
between lignin concentration and digestibility (Buxton et al., 1994; 1987; Cherney and 
Marten, 1982) it has been implicated in limiting extent of digestion of cell walls. Lignin 
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concentration may double in cell walls of cool season grasses with advancing maturity 
(Buxton et ai., 1994). 
Digestibility 
Improved digestibility is one of the major objectives in research to improve forage 
quality. Genetic variation for IVDDM has been demonstrated in numerous grasses and 
legumes species (Buxton and Casier, 1993). This variation in IVDDM can occur from 
differences in both cell-wall concentration and cell-wall digestibility (Buxton, 1989a). 
Bruckner and Hanna (1990) reported that adequate variability exists within rye and oat to 
suggest that selection for leaf IVDDM would be effective in improving small-grain forage 
quality. McAllister et al. (1983) found that wheat was most susceptible to microbial 
digestion followed by barley, sorghum, and corn (Zea mays L.). Genetic variation for 
IVDDM and other forage quality traits seems to be greater at more advanced stages of 
development than at younger growth stages in orchard grass and smooth grass (Bromus 
inermis Leyss.; Reich and Casier, 1985; Buxton and Marten, 1989). 
Concerning digestibility of straw of small grain cereals, environment and variety 
influences on the IVDDM of straw have been demonstrated by Erickson et al. (1982), 
and Wright and Hughes (1989). Cultivar differences in sacco DM degradability of straw 
have also been reported (Tuah et al., 1986; Wright and Hughes, 1989). Straw 
digestibility is correlated with the concentration of cell walls and lignin (Thiago and 
Kellaway, 1982; Mason et al., 1988). 
Rumen degradability of plant fractions has been examined for a wide number of 
species and cultivars of Graminaea including wheat, barley (Cherney and Marten, 1982a, 
Ramazin et al., 1986; Goto et al., 1991), and other grass species (Wilman and Altimimi, 
1982). The general observation arising from these studies is that leaf blade and sheath 
fractions invariably are more degradable than stems. Buxton et al. (1987) studied 64 
accessions and five cultivars of alfalfa and reported low but positive correlations between 
leaf-to-stem ratio and IVDDM of total herbage. At flowering stage, of four cool-season 
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grasses, degradability of leaves was about 600 g kg"' DM and that of stems was about 
575 g kg"' DM (Buxton and Marten, 1989). 
Lignin, and possibly ester linked phenolic acids, are major chemical factors 
limiting rumen microbial digestion of plant cell-walls polysaccharides (Kondo et al., 
1992; Thorstensson et al,, 1992; Buxton and Brasche, 1991). Cherney and Marten 
(1982) indicated that the decline in both rate and extent of cell-wall digestion with 
increasing maturity was statistically linear. 
Reduced digestibility with advancing maturity was explained, in gross terms, by 
relatively rapid loss in stem quality, increasing proportion of stem in total herbage, and 
leaf senescence (Kalu and Pick, 1983; Sanderson and Wedin, 1989). Dumont and Lanuza 
(1990) found that IVDDM of oat forage declined from 870 g kg"' at the early leaf stage, 
to 510 g kg ' at full head, and then to 400 g kg"' at hard-grain stage. Similarly, Buxton 
and Fales (1994), reported that forage sampled in the late spring showed 100 g kg"' lower 
digestibility than that sampled early in the spring. 
Defoliation effects on plant growth, development and quality 
Effects on tiller production and survival 
Results on defoliation and tiller mortality have been investigated by few workers. 
Winter and Thompson (1987) reported that wheat grazed until February 1 in the Southern 
Great Plains of the USA had reduced mean tiller weight but tiller density at heading was 
not reduced when compared to wheat grown without grazing. Muldoon (1985) reported 
that the ability to produce new basal tillers after severe defoliation was highest in oat and 
barley followed by triticale and last in wheat and rye. According to Christiansen et al. 
(1983), however, increased tillering is a common response of grasses to defoliation at 
early stages of development and more tillers produce grain when grazed than when not 
grazed. 
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Defoliation and phenology 
Clipping significantly delayed heading from 3 to 26 d depending upon the wheat 
cultivar (Gellner et al., 1991). Similarly, many investigators (Christiansen et al., 1989; 
Winter and Thompson, 1987; Winter and Musik, 1991) have reported that grazing small 
grain crops during fall and winter delays maturation of the plant. 
Effects on dry matter yield, leaf area, and height 
When small grain crops are grown for forage as well as for grain, the amount of 
leaf area remaining after grazing is important in determining subsequent forage regrowth. 
Regrowth was also reported to be proportional to the leaf area remaining in forage 
grasses (Booysen and Nelson, 1975; Smith, 1974). Rapid regeneration of leaf area is 
necessary to establish sufficient photosynthetic capacity to support maximum grain yields 
(Dunphy et al., 1984). Total biomass, height, and leaf area reduction as a result of 
grazing was reported by most investigators (Winter and Thompson, 1987; 1990; Dunphy 
et al., 1984; Winter and Musik, 1991). Sharrow and Motazedian (1987), on the other 
hand, reported that grazing increased total plant biomass yield. 
Effects on grain yield 
Reports on grazing or clipping of small grain cereals show widely varying effects 
on grain yield because of differences in growing conditions, managements, and cultivars. 
Grazing normally increases yield only when lodging occurs on the ungrazed area 
(Hadjichristodoulou, 1991; Yau et al., 1989; Christiansen et al., 1983). Under less 
favorable growing conditions or with severe grazing, yield is reduced (Sharrow and 
Motazedian, 1987; Winter and Musik, 1991; Jenkyn and Anilkumar, 1990). However, 
Winter and Thompson (1987) and Dumphy et al. (1982) reported no effect of grazing on 
grain yield. 
Christiansen et al. (1983) and Sharrow and Motazedian (1987) found that in 
wheat, grain number per head and kernel weight were reduced by grazing. Yau and 
Mekni (1987) reported that grazing encouraged tiller production but reduced barley head 
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numbers per unit land area because of higher tiller mortality or infertility. Seed weight 
was not affected. 
Muldoon (1985) found that the rate of decrease in the grain yield was highest for 
wheat, rye, and triticale and lowest for oat and barley. The average wheat grain loss 
from grazing was high for short cultivars, intermediate for semidwarf cultivars and very 
low for tall cultivars (Winter and Musik, 1991). Likewise, Winter et al.(1990) indicated 
that the yield advantage of semidwarf cultivars over tall cultivars may be compromised in 
some grazing environments. Hadjichristodoulou (1991) suggested that high yielding lines 
of barley should be screened for dual purpose use. Another study indicated that when 
leaf area produced during the vegetative stage was removed by clipping, grain yield was 
limited by potential of plants to rapidly produce new leaf area (Winter and Thompson, 
1990). 
Close defoliation from 2.5 to 5.0 cm usually results in a decrease in overall forage 
yield and root system development (Winter, 1982; Dalrymple, 1983). Dalyrmple (1983) 
suggested, therefore, that maintenance of a minimum grazing height of 5 to 10 cm, will 
not greatly affect total biomass production of small grains cereals. Earlier 
recommendations made by Petr and Daughtrey (1978) suggested that grazing must be 
terminated before developing heads are 3 to 5 cm above ground so that they will not be 
destroyed by livestock. However, there have been reports of grain yield reductions when 
either grazing or clipping was terminated before these developing heads reach grazing 
height (Dumphy et al., 1982; Pumphrey, 1970). 
With the exception of the investigation of Dumphy et al. (1982) on defoliation 
of wheat in which final harvest dates for several cultivars were varied according to 
specific stages of morphological and physiological development, almost all studies have 
measured differences among cultivars at some arbitrary date without regard to the stage 
of development when the plant was defoliated. These studies often have given variable 
results among cultivars and from year to year. This has great importance in these studies 
because leaf growth, tillering, and stem elongation are very much influenced by climatic 
conditions and nutritional status under which the grazed plants are grown 
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(Donald, 1982). Thus, date for removal of grazing animals will differ for various 
cultivars, localities, and years. 
Studies on the effect of defoliation on other physiological traits such as root 
development, photosynthesis, water-use efficiency, and forage quality are limited and 
need to be conducted. 
Effects of water deficit-stress on growth, development, 
yield, and forage quality 
The effect of defoliation on total biomass production and grain yield is strongly 
influenced by water supply. No studies were found that investigated the effect of both 
defoliation and water stress on the growth and development of small grain cereals. 
Growth, development, and yield response to water deficit stress 
Water stress inhibits tiller production and branching, and hastens death of 
established tillers in small grain cereals (Zahour et al., 1991; Jensen and Mongensen, 
1984). Water stress hastens leaf area senescence and the more severe the water stress, the 
greater the reduction in leaf area (Dwyer and Stewart, 1987; Klepper, 1983). The result 
can be reduced forage yield and quality (Halim et al., 1989b; Buxton and Casier, 1993). 
Leaf expansion is very sensitive to water deficit (Jones et al., 1980). Reduced cell 
growth results in smaller cells and less leaf area per plant. Genotype differences in 
biomass reduction with increasing water deficit has been reported (Donatelli et al., 1992; 
McCloud and Bula, 1985). Growth rates decrease linearly as soil water is reduced below 
field capacity (Hattendorf et al., 1988). Blum (1989) found that growth reduction from 
drought stress differed significantly among barley genotypes, with a range of 78%. 
There are reports that developmental rate of cereals is hastened (Doraiswamy and 
Thompson, 1982; Dwyer and Stewart, 1987), delayed (Hussain and Aspinal, 1970), or 
unaffected (Davidson and Campbell, 1983) by water stress. Phenological development 
can be hastened or delayed depending on timing and severity of water limitation (Gardner 
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et al., 1981; Rosenthal et al., 1987; Buxton and Casier, 1993). Blum and Pnuel (1990) 
reported positive correlations between early heading, heat tolerance, and osmotic 
adjustment of wheat. Keim and Kronstad (1981) concluded that high yield under drought 
could be attributed to earliness. This characteristic allows a genotype to escape, in 
relative terms, a gradually increasing drought stress. 
Photosynthetic rates are usually affected less by drought than are respiration rates 
and growth, causing a general increase in concentration of nonstructural carbohydrates. 
Accumulation of non-structural carbohydrates and N pools may facilitate rapid regrowth 
after water stress is relieved (Buxton and Fales, 1994). In leaves of corn (Boyer, 1970), 
wheat (Frank et al., 1973; Johnson et al., 1974), and barley (Johson et al., 1974) 
photosynthesis was highly correlated with leaf water potential even at slight stresses. 
The sharp decrease in photosynthesis with increased water stress was attributed 
primarily to increased stomatal diffusive resistance (Shimshi et al., 1982). Thus, much 
of the reduction in yield caused by water stress can be associated with reduction in 
assimilate supply. Studies on wheat showed that the extent of photosynthetic depression 
by soil water deficit was different among plant parts (Xu et al., 1987; Xu et al., 1990; 
Xu and Ishii, 1990). Many other investigators (Prioul et al., 1984; Xu et al., i990) 
showed that the effect of soil water deficit on photosynthesis is not only through stomata 
but also through photosynthetic machinery. 
Passioura (1981) listed a number of studies in which an absolute increase in root 
growth occurred under water stress. The volume of soil occupied by plant roots is 
directly related to the amount of water available for the plant (Wahbi and Gregory, 
1989). A number of studies have shown a positive link between early root production 
and the ability of wheat to produce grain under drought (Blum et al., 1983). Nour and 
Weibel (1978) found that differences in root growth were related to drought tolerance in 
sorghum in that more tolerant cultivars had higher root-to-shoot ratios. Similar results 
were found by Tahir and Shad (1983) in winter cereals. 
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Small grain cultivars that have an extensive root system, mature early, grow 
rapidly, and make osmotic adjustments were reported to be more drought tolerant than 
cultivars that do not posses these characteristics (Blum et al., 1983; Phillips et al., 1994). 
Osmotic adjustment, photosynthesis, growth and drought tolerance 
Many researchers reported that photosynthetic drought resistance is associated 
with the osmotic adjustment in the plant tissue (Acevedo et al., 1979; Morgan, 1984). A 
much reduced solute potential (SP) with less reduced water potential (WP) will produce a 
greater turgor pressure (TP), and consequently enable stomata to open and allow the 
photosynthetic machinery to work (Johnson et al., 1984). Furthermore, reduced SP 
contributes to the increase of maintenance of cellular volume and WP gradient between 
the inside and the outside of the plant cells, which induces water influx and relative water 
content resulting in the increased drought tolerance (Morgan, 1984). Accumulation of 
solutes has also been associated with enhanced regrowth after drought (Blum and 
Ebercon, 1976; Buxton and Fales 1994). 
Blum and Ebercon (1981), and Blum et al. (1983) concluded that drought 
resistance in wheat is related to osmotic adjustment during stress, maintenance of 
stomatal permeability during stress, maintenance of turgor under stress, and total root 
mass production under stress. Published evidence shows that selection for osmotic 
adjustment may improve yield during drought (Blum, 1989; Blum and Pnuel, 1990; 
Thomas, 1990; Srivastava and Chaturvedi, 1989), may reduce yield (Grumet et al., 
1987), or may have no effect (Johnson et al., 1984; Thomas and Evans, 1989). Blum 
(1989) found that leaf WP of barley genotypes grown under stress had a nonstatistical 
significant range of -1.37 to -1.51 MPa. With the same leaf water potential, however, 
genotypes differed significantly in osmotic adjustment which ranged from -0.17 to 0.46 
MPa. Work on wheat by Blum and Pnuel (1990) explained the variation among wheat 
cultivars in grain yield production by the corresponding variation in osmotic adjustment, 
heat tolerance, and canopy temperature. 
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Effects of water stress on grain yield and partitioning 
Yield reduction as a result of water deficit-stress was reported by many 
researchers (Singh, 1990; Zahour et al., 1991; Maas and Greive, 1990; Day et al., 
1987). The yield components most effected by water stress, in addition to tiller 
production, are grain weight, number of spikes per plant, and grain number per spike. 
Grain yield depends on the amount or proportion of water used after an thesis rather than 
total water used by the crop (Passioura, 1977; Seif and Peterson, 1978; Day et al., 
1987). 
Some investigators have concluded that under dry environments, a high number of 
tillers and a high number of fertile heads per unit land area are important parameters for 
higher yields in small grain crops (Nachit and Malik, 1983; Hadjichristodoulou, 1981). 
Also, kernel weight and a high harvest index play an important role in grain yield under 
such environments (Nachit, 1983; Singh, 1990; Hadjichristodoulou, 1981). Singh et al. 
(1986) indicated that for barley grown under draughty environments additional attributes 
such as large kernels, short spikes, medium to tall plants, early flowering, and small leaf 
area may be useful as selection criteria for higher grain yield. 
The assimilate use pattern also changes under water stress. A high proportion of 
stored assimilate is transferred to grain in stressed plants (Gallagher et al., 1976). Hubik 
and Farquhar (1989) observed that the amount of DM partitioned into reproductive 
growth varied genetically, as did the effect of stress on the partitioning. Johnson and 
Moss (1976) reported increased translocation to the grain of '^CO^ fixed in wheat exposed 
to water stress, and that '""C accumulated in stem segments, primarily in the form of 
structural carbohydrates of well watered plants. Halim et al. (1989, 1990) found that the 
leaf-to-stem ratio of alfalfa was increased from 0.60 to 0.72 as a result of delayed 
maturation from water stress. 
Water-use efficiency and drought 
Under limited rainfall conditions, water-use efficiency (WUE) is considered an 
important component of adaptation to drought (Ehdaie and Waines, 1993). Water-use 
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efficiency in plants used here is that defined by Begg and Turner (1976), the ratio of total 
above ground DM per unit water used. It ranges from 0 to 8.3 g DM kg"' water used 
for barley and from 0 to 13.6 g DM kg"' water for wheat, depending on the growth stage 
and the availability of soil water (Kim et al., 1989). Siddique et al. (1990) indicated that 
barley had higher WUE of both grain and DM than wheat. Significant genotype variation 
was observed for WUE and HI in wheat (Ehdaie and Waines, 1993; Singh, 1990; 
Siddique et al., 1990). 
There is evidence that plants can use stored soil water more efficiently if they 
previously experience moderate water deficit, causing root systems to absorb water from 
deeper in the soil (Ritchie, 1974). Similarly, Hubik and Farquhar (1989) found that 
limited water supply usually increased WUE of barley plants. Nizam Uddin and 
Marshall (1989) reported that under water deficit conditions tall wheat lines had higher 
WUE than the semidwarf and dwarf lines. Although in many cases WUE and drought 
resistance are positively correlated, greater drought resistance does not necessarily imply 
greater WUE (Sullivian and Eastin, 1974). Shepherd et al. (1987) reported that increased 
early growth proportionally increases preanthesis water use, so that with a limited water 
supply during preanthesis an optimum DM production will occur at anthesis that will 
result in maximum grain yield. 
Water stress effect on forage quality 
Water stress, generally has a smaller effect on forage quality than on growth and 
development of plants. Some investigators reported that water stress had inconsistent 
effects on forage quality (Garwood et al., 1979), decreased forage quality (Wilson, 1983; 
Rascio et al., 1990), or increased forage quality (Halim et al., 1989; Buxton and Fates, 
1994). Most of the effects on forage quality are positive primarily because of the delay 
in maturity caused by water stress (Buxton and Fales, 1994). Halim et al. (1989a) 
reported that water stress increased the leaf-to-stem ratio by 18% and increased 
digestibility by 8% for stems and less for leaves. Buxton and Fales (1994) indicated, 
however, that water stress that cause reduction in leaf mass relative to stem mass may 
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decrease herbage quality because of the high nutritive value of leaves. Also, high growth 
temperature that concurrently occur with water stress may accelerate the rate of 
maturation and lignification and decrease forage quality (Pick et al., 1988; Marten et al., 
1988, Wilson et al., 1991). 
Halim et al. (1989a) found that NDF concentration of both leaves and stems of 
alfalfa decreased with increasing water stress. Buxton and Fales (1994) indicated that the 
amount of C incorporated into cell-walls is decreased during water stress and that much 
of this limited C fixed may be used to support higher levels of soluble sugars and ions 
during osmotic adjustment and may not be available for cell-wall development. Water 
stress markedly increased cellulose and lignin concentration and decreased hemicellulose 
(Wilson, 1983). Opposite results were reported by Halim et al. (1989a) on alfalfa. They 
found that cellulose concentration decreased and hemicellulose concentration increased as 
a result of water stress. 
Reports concerning the effect of drought on N concentration of forage have been 
contradictory. Walgenbach et al. (1981) reported increases in herbage N as a result of 
drought, whereas Bittman et al. (1988) reported decreases in N concentration. Vough 
and Marten (1971), Carter and Sheaffer (1983), and Halim et al. (1989a), reported no 
effect on total herbage N concentration by water stress. Halim et al. (1989a) also found 
that water stress had contradictory effects on stem N and leaf N: It increased N 
concentration in stems and decreased N concentration in leaves. 
Wilson (1982) and Halim et al. (1989a) reported that water stress generally result 
in increased digestibility. Halim et al. (1989) found that the increase in IVDDM under 
water stress treatment was largely accounted for by delayed plant maturity. In another 
study, Halim et al. (1990) reported that IVDMD in stem bases increased with stress, but 
leaf IVDMD did not. While water stress may reduce cell-wall concentration of herbage, 
there is no evidence that it alters cell-wall chemistry beyond slowing maturation (Deetz et 
al., 1991). 
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Dissertation organization 
This work examines the effects of water stress and defoliation on growth, 
physiology and forage quality of four cultivars of spring barley. Four independent papers 
are related to these aspects and are presented in the following order: growth, 
development, and grain yield of barley as influenced by defoliation; defoliation effects 
on forage quality of spring barley; defoliation and water stress effects on spring barley 
growth, development and physiology; and defoliation and water stress effects on forage 
quality of spring barley. The papers are followed by general discussions and conclusions. 
References cited in the general discussion follow the general conclusions 
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GROWTH, DEVELOPMENT, AND GRAIN YIELD OF BARLEY 
AS INFLUENCED BY DEFOLIATION 
A paper to be submitted to The Agronomy Journal 
E. EI-Mzouri and D. R. Buxton 
ABSTRACT 
The practice of using winter small grain cereals as dual-purpose crops for grazing 
animals during early growth in winter and for subsequent grain harvesting has been 
reported in many areas in the world. Understanding the physiological changes that take 
place after defoliation of barley (Hordeum vulgare L.) is needed. The objectives of this 
study were to compare plant growth and development in response to defoliation of four 
divergent barley cultivars known to differ in response to grazing. The study was con­
ducted in the greenhouse and in the field. Four divergent barley cultivars were subject to 
two stages of defoliation (early joint and late joint) and three defoliation intensities (non-
defoliated control, moderate, and severe defoliations). Cultivars varied in response to 
defoliation, but defoliation generally decreased grain yield and its components, roots, 
leaves, and stems dry weights, delayed anthesis date, and shortened the grain filling 
period; proportion of dry weight in shoot, root, and spikes of 'Acsad 176' was 
unaffected. In the greenhouse DM of 'Barlis 628' (40% decrease) was reduced more by 
defoliation than Acsad 176 (30% decrease), Asni (30% decrease) or Tamallalt (18%). In 
the field, however, severe defoliation resulted in an increase of DM of Tamallalt and 
Asni (7 and 13%, respectively). The grain yield and DM relationship obtained in the 
field differed from those in the greenhouse. Lodging and inter plant competition in the 
field were among factors affecting differences between the greenhouse and the field. 
Under both conditions Acsad 176 yielded more grains than the other cultivars even when 
defoliated and produced medium to high forage DM yield. This was related to its high 
tiller number, high root and shoot weights, and high harvest index. We concluded that 
Acsad 176 can be used for dual purpose under a range of conditions and that the other 
cultivars can also be used for dual purpose but the harvested grain yield will be less. 
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INTRODUCTION 
The practice of using winter cereals as dual-purpose crops for grazing animals 
during early growth in winter and for subsequent grain harvesting has been reported 
mainly on wheat (Triticum aestivum L.) in USA, and Australia (Sharrow and 
Motazedian, 1987; Walker et al., 1988) and mainly on barley (Hordeum vulgare L.) in 
West Asia and North Africa (Yau and Mekni, 1987). Cultivars of barley for the 
Mediterranean region, (Hadjichristodoulou, 1991), and cultivars of wheat, oat (Avena 
sativa L.), and rye (Secale cereale L.) for the USA (Bruckner and Raymer, 1990) 
currently utilized for forage production were developed primarily for superior grain yield 
and disease resistance, and were later identified as having forage production potential 
during the testing process after cultivar release. Thus, there is a need for better 
understanding of the physiological changes that take place after defoliation of small grains 
that cause some cultivars to be more suitable for dual use than others. 
Barley genotypes are known to differ in tiller production and mortality (Simmons 
et al., 1982). Many axillary tillers may be formed during growth and development of 
barley, but only a portion of them may reach maturity and produce grain. The remainder 
die, largely during the period between jointing and flowering (Lauer and Simmons, 
1985). Both shading of tillers by other tillers and shifts in shoot photoassimilate 
partitioning patterns have been proposed as factors causing tiller death in grasses (Lauer 
and Simmons, 1985). Grain yield is positively related to number of tillers in barley 
(Simmons et al., 1982; McDonalds, 1990). Lauer and Simmons (1989) reported that 
premature tiller mortality limited grain yield production in barley. Tiller number was 
found to be negatively correlated with plant height and positively correlated with grain 
yield among barley genotypes (Hadjichristodoulou, 1991). 
Large genetic variation for the root weight, root length, root number, root 
diameter, and root-to-shoot ratio have been reported in small grain cereals (Barraclough, 
1984). It has been estimated that about 5% of the current shoot photoassimilates were 
translocated to the root system of barley (Anderson-Taylor and Marshall, 1983). Growth 
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of the barley root system is characterized by rapid increase in weight with time, which 
ceases suddenly just before the head of the main shoot emerges (Gregory et al., 1978). 
A positive relationship was reported between extensive roots systems and forage yields in 
alfalfa (Medicago sativa L.) and in annual medics (Medicago sp) (Derkaoui et al., 1990). 
Hockett (1986) found that number of kernels per spike increased as roots per tiller and 
per plant increased in barley. 
Strong correlations were also found between plant height, days to anthesis, days to 
maturity, and total biomass (Samarrai et al., 1987). On average barley genotypes have 
about 60% of their life-cycle devoted to vegetative growth and about 40% for grain 
filling (Rasmusson et al., 1979). When small grain cereals are grown for forage as well 
as for grain, the leaf area remaining after defoliation is important in determining 
subsequent forage regrowth and grain yield (Dunphy et al., 1984). Grain yield of a 
particular genotype of small grain cereals is related to the plant's height and dry matter 
(DM) yield (Hadjichristodoulou, 1991). Days from planting to maturity, plant height, 
root DM yield, and shoot DM yield each have a negative correlation with harvest index 
(HI) in wheat (Ehdaie and Waines, 1993). Harvest index varied markedly among barley 
cultivars in one study with a mean value of 27% and a range from 19% to 42% 
(Samarrai et al., 1987). The contribution of preanthesis assimilates in the stem, which 
include labile carbohydrates and soluble proteins, to final grain yield ranges from 10% 
for wheat (Borrell et al., 1989) to 70% in barley (Gallagher et al., 1975). 
Defoliation effects on tiller production and mortality have been inconsistent. 
Winter and Thompson (1990) reported that grazing wheat reduced mean tiller weight but 
tiller density at heading was not reduced when compared to wheat grown for grain only. 
According to Christiansen et al. (1989), however, increased tillering is a common 
response of grasses to defoliation at an early stage of development and that more tillers 
produce grains when grazed than without grazing. Grazing small grain crops during fall 
and winter delays the maturation process of the plant (Christiansen et al., 1989). Total 
biomass, plant height, and leaf area reduction by grazing were reported by most 
investigators (Winter and Thompson, 1990). Sharrow and Motazedian (1987), on the 
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other hand, reported that grazing increased total plant biomass yield. Previous reports of 
defoliation of small grains cereals show widely varying effects on grain yield. Grazing 
normally increase yield only when lodging occurs on the ungrazed area 
(Hadjichristodoulou, 1991). Under less favorable growing conditions or with severe 
grazing, yield is reduced (Sharrow and Motazedian, 1987). However, Winter and 
Thompson (1990), and Dumphy et al. (1982), reported no effect of grazing on grain 
yield. Defoliation effects on yield components of cereals also have not been consistent. 
Most investigators, however, found that reproductive shoots, grain number per head, and 
kernel weight were reduced by grazing (Sharrow and Motazedian 1987). 
Concerning the final date of defoliation of wheat or barley grown for both forage 
and grain production, many authors (Dunphy et al., 1982) suggested that grazing must be 
terminated prior to elevation of the apical meristems to grazing heights or yields will be 
drastically affected. With the exception of Dunphy et al. (1982) investigation on 
defoliation of wheat, almost all studies have measured differences among cultivars at 
arbitrary dates without regard to the stage of development of the defoliated plants. These 
studies often have given variable results among cultivars and from year to year. This has 
great importance in these studies because, leaf growth, tillering, and stem elongation are 
very much influenced by climatic conditions and nutritional status under which plants are 
grown and the genotype of the grazed plant (Donald, 1982). Thus, dates for removal of 
grazing animals will differ for various cultivars, localities, and years. 
Studies of defoliation effects on other physiological traits such as root 
development, DM partitioning, and the relationship of forage regrowth and grain yield 
with all the other physiological traits are limited if not inexistent. Therefore, there is a 
need to closely examine the effect of defoliation at specific stages of growth and 
development of barley on physiological changes that take place after defoliation and their 
relationships with plant regrowth, development and grain yield. The objectives of this 
study were: (i) To determine the response of plant growth and development of barley 
cultivars to intensity of defoliation at different stages and (ii) to relate physiological 
changes to plant regrowth and grain yield. 
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MATERIALS AND METHODS 
Greenhouse Experiment 
Four spring barley cultivars were grown in the greenhouse in two similar 
experiments in pots containing a 2:1 soil:sand mixture at Ames, lA, USA. The four 
cultivars represent a range in morphological and agronomic traits that influence yield 
response to defoliation. 'Barlis 628' a tall six-row cultivar with a long vegetative period 
and well adapted to the mountain areas of Morocco, is a well known "forage barley" with 
low grain production and high vegetative yield. 'Asni' and 'Tamallalt' are both two-row 
types, semidwarf barleys, with short emergence heading periods, and higher grain-
yielding potential than Barlis 628. However, they have been shown to possess dual use 
potential under semi-arid conditions of Morocco (Amri and Boulanouar, 1990). The last 
cultivar 'Acsad 176' is a newer six-row type, semidwarf barley. It is a high grain 
yielding cultivar compared to Barlis 628 and was reported not be suitable for dual use 
(Amri and Boulanouar, 1990). 
In each experiment pots were over-planted (9 to 12 plants per pot) and then 
thinned to six plants per pot at the two-leaf stage. Pots were weighed every 3 to 4 d and 
water was added to bring the initial soil moisture to field capacity. 
The first experiment was planted on 20 Dec. 1990 and terminated 13 Apr. 1991. 
The second experiment was started 15 July 1991 and terminated 3 Nov. 1991. The 
temperature averaged 25°C with a minimum of 15°C and a maximum of 35°C for the 
first experiment. In the second experiment, the temperature averaged 21°C with a 
minimum of 19°C and a maximum of 38°C. The plants were covered with a black 
plastic as required to provide short days (9 h) for the first 60-d, after which day length 
was increased to reach 15 h by the seed-filling period. Solution containing the essential 
nutrients (N, P2O5, K^O) nutrients was applied twice with irrigation water just after 
defoliation and mid elongation stages to all pots. 
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The defoliation treatments consisted of (i) a nondefoliated control, (ii) a 10-cm 
cutting height (moderate defoliation), and (iii) a 5-cm cutting height (severe defoliation). 
These defoliation treatments were applied either at early or late stages of plant 
development. The early stage of defoliation, was applied at early jointing when one to 
three tillers appeared in 50% of plants in a pot. The late stage of defoliation was applied 
at late jointing just before stem elongation. Care was taken not to cut the growing points 
at any stage or intensity of defoliation. 
Two sets of pots were available for each treatment so as to take harvest of the 
entire plant (shoot + root) at an thesis. Data collected consisted of live tiller number, 
plant height, leaf area at anthesis, grain yield, grain size, forage DM yield at tillering, 
anthesis, and mature stages, days from emergence to anthesis (vegetative period), and 
days from anthesis to mature stage (reproductive period). At anthesis, plants were 
separated into leaves, stems, spikes, and roots. At the mature stage, plants were 
separated into straw, spikes, and roots. From these data, percentage fertile tillers (total 
spikes divided by total tillers per pot), harvest index (total grain yield per pot divided by 
total shoot yield per pot), and dry matter partitioning among plant parts were all 
determined. Dry matter portioning was quantified after drying plant parts in an oven at 
65°C for 48 h and weighing. The leaf area per pot was measured with a leaf area meter 
LI-30(X) (LI-COR, Inc, Lincoln, NE) 
The experiment design used for each experiment was a split-split-plot with three 
replicates in a randomized complete block arrangement. Stage of defoliation was applied 
as the main plot, intensity of defoliation as the sub-plot, and the four cultivars were the 
sub-sub plots. Individual plots served as the experimental unit. The statistical analysis 
was conducted both experiments combined. 
Statistical analysis was undertaken by using Statistical Analysis System Analysis of 
Variance Procedure (SAS Institute, Inc., 1985). Mean separation was performed using 
the least significant difference (LSD 5%) where F tests were found significant. 
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Field Experiment 
A similar experiment, using the same cultivars and treatments, was conducted in 
the field during the 1992-93 growing season at the National Institute for Agronomic 
Research (INRA) experimental station in Settat, Morocco (33° N lat). The soil type at 
the station is a calixerollic that has 33% (cm^ cm"^) water content at field capacity (0.03 
MPa), and high concentrations of N, P, and K. 
The cultivars were planted on 27 Oct. 1992 and harvested in March 1993. The 
seeds were planted in rows 15 cm apart at a sowing density of 100 kg seeds ha ' for each 
5 X 2 m'^ experimental unit. The experiment contained four replicates in a randomized 
block design. Fertilizer at a rate of 30 kg N ha ' , and 60 kg P^O, ha"', was applied at 
planting time and 30 kg N ha ' was top dressed during tillering. The limiting rainfall 
was supplemented with sprinkler applied irrigation of 30 mm on 15 Dec., 50 mm on 7 
Jan., and 60 mm on 12 Feb. Rainfall, irrigation, and temperature regimes for the 
growing season are shown in Fig. 1. The total amount of water received during the 
experiment was 287 mm. 
Data collected from this experiment consisted of plant density, tillering density, 
plant height, lodging, length of vegetative and reproductive periods, spike density, 
harvest index, percentage fertile tillers, grain yield, grain size, leaf area index, and dry 
matter yield and partitioning at anthesis. A 25 x 25 cm^ quadrate was used to randomly 
count tillers and spikes and to estimate dry matter production and grain yield for a given 
cultivar. One sample per experimental unit was taken. The statistical analysis was 
similar to the greenhouse experiment. 
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Fig. 1. Rainfall, irrigation, and maximum, minimum, and average temperatures 
during 1992-93 cropping season at Settat. 
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RESULTS AND DISCUSSIONS 
Greenhouse Experiment 
Averaged over treatments and experiments, the biomass removed when the plants 
were defoliated at the tillering stage was 1.6, 1.4, 1.1, and 0.9 g DM pot ' for Barlis 
628, Asni, Acsad 176 and Tamallalt, respectively. More than 60% of the plants above 
ground DM was removed by severe defoliation and less than 30% was removed by 
moderate defoliation. 
Tiller production and survival 
Because the two greenhouse experiments responded similarly and there were few 
interactions, data are presented averaged over the two experiments. The cultivars 
displayed similar trends of tiller production and survival (Fig. 2 and 3). Regardless of 
treatment, tiller production increased from the tillering stage until stem elongation. 
During stem elongation, tiller mortality caused live tiller number to decrease, but tiller 
production and survival increased again after anthesis. Similar results were reported by 
Simmons et al. (1982), and Lauer and Simmons (1985). Final number of live tillers at 
harvest was significantly higher for the two-row cultivars, Tamallalt and Asni, than for 
the six-row cultivars, Acsad 176 and Barlis 628. 
Both the 10-cm and 5-cm intensities of defoliation (Fig. 2) and the early jointing 
and late jointing stages of defoliation (Fig. 3) reduced the number of tillers per plant. 
The most significant reductions were recorded after severe or early defoliations. These 
results are contradictory to those reported by Christiansen et al. (1989), who found that 
defoliation increases tiller production. The dying tillers in this study may have 
contributed to plant regrowth and recovery as suggested by Simmons and Lauer (1986). 
The increase in tiller mortality was likely due primarily to the decrease in photosynthate 
supply by leaves as result of their removal by defoliation. There was no significant 
interactions between stage of defoliation and intensity of defoliation. 
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Fig. 2. The effect of defoliation on tiller production and survival of four barley 
cultivars grown in the greenhouse. Treatments were a nondefoliated 
control, defoliation to 10 cm (moderate), and defoliation to 5 cm (severe). 
Data are averaged over two maturity stages of defoliation. S.E. = 3.8. 
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Fig. 3. The effect of maturity stage at defoliation on tillers production and survival 
of four barley cultivars grown in the greenhouse. Treatments were a 
nondefoliated control, defoliation at early jointing (early), and defoliation 
at late jointing (late). Data are averaged over two defoliation intensities. 
S.E. = 3.2. 
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Plant height 
Plant height at harvest was significantly reduced by severe or late defoliation for 
both the tall cultivar, Barlis 628, and the semidwarf culitvar, Asni, but unaffected for the 
two other cultivars (Fig. 4). Reduction in plant height as a response to defoliation was 
also reported by Winter and Thompson (1990) and Dunphy et al. (1984). 
Dry matter production 
In the absence of defoliation, the tall cultivar, Barlis 628, produced the highest 
DM yield followed by the semidwarf cultivar, Asni (Fig. 5 and 6). Dry matter 
production decreased with increasing intensity of defoliation (Fig. 5). Barlis 628 had the 
largest decrease in DM yield with increasing severity of defoliation followed by the grain 
barley, Acsad 176. The dual use cultivars, Tamallalt and Asni, had the least reduction. 
Asni was the only cultivar to show differential response to stage of defoliation for 
DM production (Fig. 6). Early and late jointing stages of defoliation results were similar 
in the other three cultivars and both significantly reduced forage production at the mature 
stage. The differential response of Asni give this cultivar the potential for dual 
utilization under favorable conditions. The ability of Asni to recover rapidly after 
defoliation may be related to its well-developed root system, large amount of leaf mass, 
and a low shoot-to-root ratio compared to the other cultivars (Table 1). These findings 
show that for barley grown under controlled conditions, all defoliation treatments 
decreased total forage production, including the DM that was removed (Fig. 7), opposite 
to what was reported by Sharrow and Motazedian (1987) and confirming those findings 
of Winter and Thompson (1990) and Dunphy et al. (1984). Recovery and plant regrowth 
is not only dependent on the leaf area remaining after defoliation, as was suggested by 
Dunphy et al. (1984), but also may depend on the root mass and its distribution in the 
soil profile and the amount of the above ground DM at the time of defoliation as 
suggested by the results with Asni. 
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Fig. 4. Plant height at jointing, stem elongation, and mature stages in response to 
(a) intensities of defoliation (C = control, M = moderate, S = severe), 
and (b) stages of defoliation (C = control, E = early jointing, and 
L = late jointing) of four barley cultivars. S.E. = 2.8. 
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Fig. 5. The effect of defoliation intensity at tillering on subsequent dry matter 
(DM) production of four spring barley cultivars. S.E. = 2.3. 
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Fig. 6. The effect of defoliation at different growth stages on subsequent dry 
matter (DM) production of four spring barley cultivars. S.E. = 2.7. 
Table 1. Defoliation effects on dry matter partitioning among plant parts at anthesis of four barley 
cultivars 
Cultivar Defoliation Leaves Stems Spikes Shoots Roots Shoot/root 
ratio 
Stem/spike 
ratio 
Leave/stem 
ratio 
Leave, 
ri 
Barlis 628 Control 11.5 11.8 9.3 32.6 11.8 3.4 1.3 0.9 1.2 
Moderate 11.3 11.7 7.5 30.5 11.4 2.9 1.6 1.0 1.5 
Severe 8.6 6.9 4.9 20.5 7.7 3.2 1.5 1.4 1.6 
Early 10.0 9.5 6.4 25.9 8.8 3.5 1.5 1.4 1.6 
Late 9.9 9.2 6.0 25.1 10.3 2.6 1.6 1.0 1.6 
Mean 10.5 10.2 7.2 27.9 10.3 3.1 1.4 1.1 1.5 
Tamallat Control 8.6 8.3 8.2 25.1 8.6 3.1 1.2 1.4 1.7 
Moderate 6.0 7.0 6.1 19.0 4.9 4.1 1.2 0.8 1.0 
Severe 5.1 6.4 5.4 17.1 6.9 3.7 1.3 0.8 1.1 
Early 5.5 6.6 6.3 18.4 4.6 4.3 1.2 0.8 1.0 
Late 5.6 6.8 5.3 17.7 7.2 3.5 1.4 0.8 1.1 
Mean 6.6 7.2 6.6 20.4 6.8 3.6 1.2 1.0 1.3 
Asni Control 16.4 14.5 11.0 41.8 25.2 2.1 1.4 1.2 1.6 
Moderate 15.0 13.3 8.5 36.8 17.9 2.6 1.7 1.1 2.0 
Severe 13.9 11.8 7.0 32.4 13.8 2.6 1.8 1.2 2.1 
Early 16.3 13.4 8.1 37.8 16.4 3.0 1.8 1.2 2.2 
Late 12.6 11.7 7.2 31.4 15.3 2.3 1.8 1.1 1.9 
Mean 15.1 13.2 8.8 37.0 19.0 2.5 1.7 1.2 1.9 
Acsad 176 Control 10.1 9.1 8.5 27.7 12.3 2.3 1.4 1.2 1.9 
Moderate 8.2 7.8 6.7 22.8 7.5 3.3 1.4 1.1 1.8 
Severe 6.2 5.8 5.0 17.0 5.6 3.1 1.3 1.2 1.6 
Early 7.4 6.3 5.7 19.3 6.0 3.5 1.3 1.3 1.9 
Late 7.0 7.4 6.0 20.4 7.1 2.9 1.4 1.0 1.5 
Mean 8.2 7.6 6.7 22.5 8.5 2.9 1.4 1.2 1.7 
S.E. 1.5 1.2 1.0 3.1 3.0 0.4 0.1 0.2 0.3 
LSD (5%) cultivars 1.7 1.4 1.1 3.5 3.4 0.5 0.2 0.2 0.3 
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7. Total forage production and grain yield relationships of four barley 
cultivars grown in the greenhouse as affected by (a) intensity of defoliation 
(C = control, M = moderate, S = severe), and (b) stage of defoliation 
(C = control, E = early, L = late). 
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Dry matter partitioning 
Both at anthesis (Table 1) and mature stages (Table 2), DM yield of plant parts 
and their ratios differed significantly among cultivars. Dry matter yields of leaves, 
stems, spikes, and roots were highest for Asni and lowest for Tamallalt. 
Interactions between cultivars and defoliation intensities, and between cultivars and stages 
of defoliation were not significant. Therefore, weight of plant parts were reduced 
proportionally for all cultivars by either defoliation intensity or stage of defoliation. The 
largest reduction of shoot DM was recorded for Barlis 628, which was reduced from 32.6 
to 20.5 g pot"' at anthesis and from 75.8 to 45.2 g pot"' at the mature stage by severe 
defoliation. Defoliation resulted in an increase in the shoot-to-root ratio in most 
situations (Tables 1 and 2), demonstrating the greater negative effect of defoliation on 
root weight than shoot weight. 
The effect of defoliation intensity on the final size of sink, storage, and synthesis 
organs (spikes, stems, and leaves, respectively) indicates that synthesis, storage, or final 
sink organs might limit regrowth and grain yield. Indeed, the relative proportions of 
these organs varied significantly among cultivars (Table 1). The leaf-to-stem ratio was 
increased in the forage barley Barlis 628 by defoliation, decreased in the dual use cultivar 
Tamallalt, and unaffected for the two other cultivars. The leaf-to-spike ratio was 
increased by defoliation for Barlis 628 and Asni, reduced for Tamallalt and unaffected for 
Acsad 176. The stem-to-spike ratio was also increased by defoliation of Barlis 628 and 
Asni, but unaffected for Tamallalt and Acsad 176. The small effect on these ratios for 
Acsad 176 might have been the reason behind its high yielding capability, even under 
defoliation when compared to the other cultivars. No other work examining the effect of 
defoliation on these ratios has been previously reported. 
At the mature stage, straw, root, and total biomass yield were all reduced by 
defoliation (Table 2). The dual use cultivar, Asni, was less affected by defoliation, as it 
had a smaller reduction in weight of above ground plant parts and less root weight 
reduction. By the mature stage, all cultivars had allocated 81 to 85% of their total 
biomass to above ground production and the rest (19 to 15%) to the root system. These 
Table 2. Defoliation effects on dry matter partitioning among plant parts at mature stage of four barley cultivars 
Percent shoot Percent root Percent spike 
Total Shoot/root (% of total (X of total (% shoot 
Cultivar Defoliation Straw Spikes Roots biomass ratio biomass) biomass) biomass) 
gtn/pot 
Barlis 628 Control 35.5 26.0 15.4 75.8 4.7 80.0 20.0 35.0 
Moderate 28.4 21.7 10.1 60.2 5.1 83.1 16.9 37.0 
Severe 22.1 14.5 8.6 45.2 5.3 79.4 20.6 31.8 
Early 24.4 18.0 9.8 52.2 5.0 81.0 19.0 34.5 
Late 26.0 18.2 9.0 53.2 5.3 81.5 18.5 34.5 
Mean 28.6 20.7 11.4 60.4 5.0 81.3 19.1 34.4 
Tamallat Control 27.2 21.2 10.0 58.0 5.5 83.5 16.5 38.5 
Moderate 21.0 17.3 6.1 44.3 8.5 87.3 12.7 42.6 
Severe 19.3 13.5 6.7 39.6 5.4 82.3 17.7 36.1 
Early 21.1 14.6 6.8 42.5 6.5 84.0 16.0 36.0 
Late 19.2 16.2 6.1 41.4 7.4 86.0 14.0 42.5 
Mean 22.5 17.3 7.5 47.3 6.4 84.4 15.6 39.0 
Asni Control 37.1 24.6 13.8 74.0 5.2 82.0 18.0 35.0 
Moderate 34.5 19.2 11.6 65.3 5.2 82.5 17.5 31.0 
Severe 32.0 16.0 12.8 60.7 3.9 77.9 22.1 28.6 
Early 35.3 17.7 12.5 65.4 4.5 80.5 19.5 28.0 
Late 31.3 17.5 11.9 60.7 4.5 80.0 20.0 32.0 
Mean 34.5 19.9 12.7 66.7 4.7 81.3 19.3 31.5 
Acsad 176 Control 29.9 28.0 10.6 68.5 5.7 84.5 15.5 41.5 
Moderate 21.8 24.0 7.7 49.7 6.2 85.6 14.3 47.4 
Severe 22.8 15.7 6.6 49.1 6.6 84.6 15.3 37.3 
Early 24.2 18.6 7.5 50.3 6.7 85.0 15.0 39.0 
Late 20.4 21.4 6.8 48.5 6.1 85.5 14.5 45.5 
Mean 24.8 22.7 8.3 55.7 6.5 84.9 15.1 42.1 
S.E 2.1 2.1 1.4 3.6 0.9 2.0 6.0 3.0 
LSD (5%) cultivars 2.4 2.3 1.6 4.2 1.0 2.4 2.3 3.5 
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proportions were significantly changed by moderate defoliation for Barlis 628 and 
Tamallalt and by severe defoliation for Asni and remained unchanged for the grain barley 
Acsad 176 (Table 2). With the exception of Tamallalt, stage of defoliation did not affect 
these proportions (Table 2). One third to 42% of total shoot DM was allocated to spike 
DM, which varied significantly with the genotypes. Moderate defoliation increased the 
proportion of spikes in Tamallalt and Acsad 176, but severe defoliation reduced the 
proportion of spikes significantly for all cultivars except Tamallalt (Table 2). Late 
defoliation increased the proportion of spikes in Acsad 176 and Tamallalt, but had no 
effect on Barlis 628 and Asni. Early defoliation significantly decreased the DM portion 
in spikes of Asni. Interactions between stage of defoliation and intensity of defoliation 
were not significant for DM production or DM partitioning. 
Grain yield and related traits 
Cultivar variation for grain yield, yield components, and leaf area were significant 
(Table 3), confirming previous results reported on small grain cereals by most 
investigators (Hadjichristodoulou, 1991; Dunphy et al. 1984). Asni had the longest 
vegetative period (100 d) followed by Barlis 628 (75 d), Acsad 176 (72 d) and Tamallalt 
(71 d). However, averaged over defoliation intensity, Tamallalt and Acsad 176 had the 
longest reproductive periods (38 and 37 d, respectively) followed by Asni (29 d) and 
Barlis 628 (29 d) (Table 3). Leaf area per pot was similar for Acsad 176, Barlis 628 and 
Asni, and significantly lower for Tamallalt. Number of tillers and number of spikes were 
significantly higher for the two-row cultivars, Tamallalt and Asni, and lower for the six-
row cultivars, Acsad 176 and Barlis 628. Similar results were found by Hockett (1986). 
Percent fertile tillers was higher for Asni and Barlis 628, and lower for Tamallalt and 
Acsad 176. Harvest index was significantly higher for the "grain only barley" Acsad 176 
(0.43) and similar for the other three cultivars, resulting in the highest grain yield for 
Acsad 176. 
Grain yield was significantly higher for Acsad 176 (19.9 g pot"') followed by 
Barlis 628, Asni, and Tamallalt (14.8, 14.7 and 13.9 g pot ', respectively). Results 
Table 3. Defoliation effects on leaf area, vegetative and reproductive periods, grain yield and its components 
of four barley cultivars 
Cultiver Defoliation Vegetative Reproductive Leaf area Tillers per pot Spikes per pot Fertility Harvest Grain Grain 
period period at anthesis at harvest at harvest of tillers index yield weight 
.days cm' X g/pot mg 
Bar I is 628 Control 74.0 29.5 919 42.5 36,0 84 0.29 17.5 50.6 
Moderate 75.0 28.5 1132 31.9 27.5 86 0.34 16.1 52.4 
Severe 75.0 28.5 749 24.9 18.1 77 0.33 10.8 50.7 
Early 74.0 29.5 1175 28.2 21.2 80 0.36 15.2 52.7 
Late 76.0 27.5 706 28.7 24.4 84 0.31 11.7 50.3 
Mean 74.7 28.8 933 33.1 27.2 82 0.32 14.8 51.2 
Tamallat Control 67.5 38.5 633 59.3 42.2 73 0.37 16.9 48.2 
Moderate 72.8 37.0 625 42.3 34.0 83 0.41 14.4 45.6 
Severe 72.5 38.5 546 36.3 26.6 75 0.24 10.4 43.4 
Early 72.5 37.0 685 36.4 29.8 85 0.37 12.8 41.6 
Late 72.8 38.5 486 42.2 30.9 73 0.28 12.0 47.3 
Mean 70.6 37.9 601 45.9 34.3 77 0.34 13.9 45.7 
Asni Control 98.5 30.0 1187 56.8 40.5 85 0.32 18.1 40.7 
Moderate 101.5 28.0 1146 45.2 29.8 95 0.31 15.1 40.7 
Severe 101.5 28.0 704 36.2 24.8 66 0.26 10.7 40.1 
Early 101.5 27.0 1063 37.8 26.9 95 0.29 14.4 40.9 
Late 101.5 29.3 787 43.5 27.8 66 0.28 11.4 39.7 
Mean 100.5 28.7 1012 46.0 31.7 82 0.29 14.7 40.5 
Acsad 176 Control 67.0 39.3 1483 51.3 35.3 80 0.42 23.6 52.4 
Moderate 71.5 36.8 1087 33.8 25.7 82 0.46 19.7 53.4 
Severe 71.5 34.8 822 31.6 22,7 70 0.42 15.6 49.8 
Early 71.5 37.0 842 31.0 23.5 79 0.43 17.7 53.1 
Late 71.5 34.5 1067 34.5 24.9 73 0.45 17.6 50.1 
Mean 70.0 37.2 1131 38.9 27,8 77 0.43 19.6 51.9 
S.E. 3.6 2.3 267 4.5 2.9 6 0.04 1.9 2.9 
LSD (5%) cultivars 4.1 1.1 306 5.2 3.3 7 0.04 2.2 3.4 
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on these grain yields were not necessarily attributed to cultivar variation in harvest index 
alone as suggested by Riggs et al. (1981), but other characters also likely contributed 
such as the sink size, photosynthetic capacity during grain filling, and efficiency of 
translocation of stored assimilates from stems (water soluble-carbohydrates) and leaves 
(proteins). Additionally, higher number of shoots and spikes could also have contributed 
to variation in grain yield among these cultivars. This is suggested by variation in grain 
yield of cultivars having similar harvest indices. Grain size was highest for the six-row 
barleys, Acsad 176 and Barlis 628. 
The interactions of cultivars x defoliation intensity, cultivars x stages of 
defoliation, and stage of defoliation x intensity of defoliation were not significant for all 
the above cited characters. Defoliation generally delayed an thesis date and shortened the 
reproductive period (Table 3). Grain yield, number of spikes, and number of tillers were 
all significantly reduced by defoliation for all cultivars. Harvest indices and percent 
fertile tillers were either increased or unaffected by moderate and early defoliation, but 
severe and late defoliation either had little effect or decreased these traits. The grain 
yield reduction as a result of defoliation was primarily related to reduction of tiller 
numbers, spike numbers, leaf area, root mass, leaf mass, and stem mass. Others have 
reported that grazing reduced the number of productive shoots, especially when grazing 
was severe (Dunphy et al., 1982). Rapid regeneration of leaf area after defoliation was 
reported to be necessary to establish sufficient photosynthetic capacity to support 
maximum grain yield (Dunphy et al., 1984). In this study there was no changes in leaf 
area by anthesis after defoliation, but still significant yield reduction occurred. High 
yield potential and the plant component ratios of leaf-to-stem, leaf-to-spike, and stem-to-
spike that remained unchanged after defoliation were the primary reasons for high grain 
yield of Acsad 176 under defoliation. 
Dry matter yield and grain yields relationships 
Relationship between total forage production (including addition of forage 
removed by defoliation) and subsequent grain yield as affected by defoliation are shown 
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on Fig. 7. The equations for these relationships are shown on Table 4. These results 
show significant differences among cultivars in both grain yield, total harvested forage 
yield, and their relationships. In the absence of defoliation, each cultivar produced 
maximum grain and total DM yields. Defoliation decreased total forage production, 
which in turn resulted in a decrease in subsequent grain yield. The rate of decrease in 
grain yield was cultivar dependent. Under the controlled conditions of the experiment, 
which were near ideal for spring barley growth and development, Asni (reported by Amri 
and Boulanouar (1990) to be a dual purpose barley under favorable conditions) produced 
similar or higher forage yields under defoliation treatments than any other cultivar, but 
the loss in grain yield under severe defoliation was as high as the other cultivars. On the 
other hand, Acsad 176 (which was reported to be a "grain only" cultivar by the same 
authors) even under severe or late defoliation produced higher grain yields than any other 
cultivars, a fact that shows that this cultivar does have as much dual purpose potential as 
any other cultivar evaluated under the favorable conditions of this study if the economical 
values of grain and forage are both considered. Similarly, Hadjichristodoulou (1991) 
suggested that high yielding lines of barley can be screened for dual purpose use. 
In North Africa, cultivars that have above average forage production and above 
average grain yield are generally those reported as dual purpose cultivars (Amara et 
al., 1985; Amri and Boulanouar, 1990). In our point of view this is not the correct way 
to define or to select a dual purpose small grain cultivar. We believe that the manner in 
which cultivars respond to defoliation under a given environment defines its dual use 
potential as shown in Fig. 5 and 6, where we observe the so called dual purpose barleys 
(Asni and Tamallalt) were more sensitive to defoliation than the "grain only" barley 
Acsad 176 or the "forage barley" Barlis 628 when consideration is given to grain yield 
loss after defoliation. 
Barlis 628, Acsad 176, and Tamallalt showed different ways of predicting their 
response of grain yield to the amount of forage removed depending on defoliation 
treatment (Table 4). Asni had the similar equations under both different intensities and 
different stages of defoliation treatments. 
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Table 4. Relationship between total forage production and grain yield as 
influenced by intensity of defoliation or stage of defoliation for 
four spring barley cultivars 
Cultivars Defoliation Model r-
Barlis 628 
Intensity Y = 29,7 - 890.8/X 0.95** 
Stage Y = 4.2 + 0.2X 0. 50* 
Tamallalt 
Intensity Y = 32.4 - 878.6/X 0.82** 
Stage Y = -0.9 + 0.3X 0.95** 
Asni 
Intensity Y = 59.7 - 3052/X 0.92** 
Stage Y = 58.5 — 2973/X 0.90** 
Acsad 176 
Intensity Y = 41.8 - 1232/X 0.99*** 
Stage Y 0.2 + 0.3X 0.98** 
y = Grain yield in g pot" 
X = Total forage production in g pot' 
* = Significant at p=0.05 
** = Significant at p=0.01 
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Field Experiment 
When averaged over treatments, the biomass removed when plants were defoliated 
was 0.4 t DM ha ' for Barlis 628, Asni, and Tamallalt and 0.3 t DM ha"' for Acsad 176. 
The amount of DM that was removed by severe defoliation was 0.7 t ha ', and that 
removed by moderate defoliation was 0.3 t ha ', when averaged over cultivars and stages 
of defoliation. 
Tillering 
Tiller production and survival under field conditions (Fig. 8 and 9) differed from 
that obtained under greenhouse conditions (Fig. 2 and 3). Under field conditions, plants 
experienced more intertiller and interplant competition for resources and were subjected 
to more stresses. Tiller production reflects one aspect of a cultivar's ability to withstand 
competition and produce high numbers of shoots and grain yield. In the absence of 
defoliation, the cultivars differed in timing of tiller production. Barlis 628, for example, 
produced most of its tillers before stem elongation and many tillers died after this stage. 
Tillers of Asni, on the other hand, started to die early in tillering stage, but their 
production and survival increased during stem elongation with a decrease again after 
an thesis. Tamallalt showed continuous increase in tillers per unit land area during the 
entire growing cycle and had the highest number of tillers by the end of the season. 
Intensity and stage of defoliation generally increased the number of tillers by the anthesis 
stage. But after this stage significantly higher numbers of tillers in defoliated plants died, 
which ended in a similar number of tillers per unit area as the control by the end of the 
season. This differed from the greenhouse plants where defoliated plants had fewer 
tillers at maturity than control plants. 
Plant density, leaf area index, and plant height 
Plant density before and after defoliation, leaf area index (LAI) after defoliation, 
and plant height at harvest differed significantly among cultivars (Table 5), verifying the 
greenhouse results (Fig. 4 and Tables 1 and 2). Plant density was the highest after 
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Table 5. Defoliation effects on plant density, leaf area index (LAI), and plant height of four in field 
grown barley cultivars 
Density LAI Plant height 
Cultivar Defoliation 12 Dec 92 7 Jan 93 14 Jan 93 10 Mar 93 15 Dec 92 8 Feb 93 16 Feb 93 11 Mai 
. .plants m'.. 
Bar I is 628 Control 241 252 3.0 4.8 20.5 35.1 59.4 76.4 
Moderate 261 232 1.7 4.7 17.5 30.5 57.3 80.4 
Severe 261 244 1.5 4.2 16.8 26.3 49.5 76.6 
Early 270 231 2.4 4.6 17.8 26.2 58.5 75.8 
Late 252 246 0.8 4.3 16.8 30.6 48.8 80.0 
Mean 254 243 2.1 4.6 18.3 30.6 55.4 77.8 
Tamallalt Control 424 410 2.1 4.8 16.8 32.6 45.1 68.4 
Moderate 434 368 1.6 4.7 15.8 29.1 48.0 71.9 
Severe 425 392 1.1 4.2 16.0 26.4 41.0 62.9 
Early 427 388 1.6 4.7 16.0 26.4 48.4 62.9 
Late 431 372 1.1 4.2 15.8 29.1 40.6 72.0 
Mean 427 390 1.6 4.6 16.2 29.4 44.7 67.7 
Asni Control 235 219 2.1 4.6 17.5 28.0 41.6 64.8 
Moderate 240 206 1.9 4.6 17.3 29.0 43.5 64.8 
Severe 247 219 1.3 4.9 17.1 23.6 42.6 64.8 
Early 247 202 2.2 4.5 18.3 26.8 42.6 65.5 
Late 239 224 1.1 4.9 16.1 26.8 42.8 64.0 
Mean 241 215 1.8 4.7 17.3 26.9 42.6 64.8 
Acsad 176 Control 331 293 3.1 4.8 18.8 39.3 52.0 70.5 
Moderate 324 258 2.1 4.5 18.9 34.5 52.9 63.9 
Severe 312 286 1.2 4.5 16.8 26.6 43.8 66.4 
Early 318 250 2.5 4.7 18.9 30.6 50.9 66.4 
Late 318 294 0.8 4.4 16.8 35.4 45.8 64.6 
Mean 322 279 2.1 4.6 18.1 33.4 49.5 66.9 
S.E 23 26 0.2 0.3 1.5 3.3 4.2 3.6 
LSD (5%) cultivars 27 31 0.2 0.3 1.7 3.9 4.8 4.1 
Moderate = cut at 10-cm height Severe = cut at 5-cm height 
Early = early jointing Late = late jointing 
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defoliation for Tamallalt (390 plants m'^), and lowest for Asni (215 plants m"^) (Table 5). 
Leaf area index just after defoliation was highest for Barlis 628 and Acsad 176. At 
harvest Barlis 628 was significantly taller than the other cultivars. The LAI at anthesis 
was similar for all cultivars. Intensity of defoliation did not significantly affect plant 
density and LAI at anthesis, but did significantly reduce LAI just after defoliation of all 
cultivars and reduced plant height of Acsad 176 (Table 5). Early defoliation, however, 
resulted in a decrease of plant density of Barlis 628 and Acsad 176, but did not affect 
the other cultivars (Table 5). Late defoliation reduced LAI by 14 Jan. more than did 
early defoliation. This effect did not last for the entire growing cycle, however, as by 
anthesis all cultivars had recovered and LAI differences among treatments did not exist. 
Dry matter production 
Dry matter production of the cultivars followed the similar courses over time, but 
differed among cultivars (Fig. 10 and 11). Intensity of defoliation had little effect on 
regrowth of Barlis 628, Asni, and Acsad 176 (Fig. 10). Regrowth of Tamallalt, 
however, was significantly reduced by severe defoliation. Early defoliation significantly 
increased DM production at harvest of the forage barley, Barlis 628, and the dual 
purpose barley, Asni (Table 5 and Fig. 11). The four cultivars varied significantly in 
DM production response to defoliation suggesting that not only the LAI remaining after 
defoliation, which is important in determining subsequent forage regrowth, but that other 
plant characters like root mass, photosynthesis efficiency, partitioning efficiency that 
influence leaf area regeneration may be also important for plant recovery after grazing or 
defoliation. Significant interaction of stage of defoliation x defoliation intensity was 
found for total biomass production. Severe and late defoliation decreased total DM yield 
whereas early defoliation increased it. 
Dry matter partitioning 
Significant cultivar differences were recorded early and late in the season for leaf, 
stem, and spike weight at anthesis (Table 6). Averaged over defoliation intensity, the 
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Fig. 10. The effect of defoliation intensities on subsequent dry matter production of 
four field grown barley cultivars. S.E. = 2.3. 
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Fig. 11, The effect of stage of defoliation on subsequent dry matter production of 
four field grown barley cultivars. S.E. = 2.7. 
Table 6. Defoliation effects on dry matter partitioning among plant parts of four field grown barley cultivars 
23 Feb. 1993 15 Mar. 1993 
Cultivar Defoliation Leaves Stems Leaves Stems Spikes 
t ha ' % t ha ' % t ha ' % t ha ' % t ha' 
Barlis 628 Control 3.6 48.5 3.8 51.5 3.1 34.3 4.4 47.9 1.7 17.7 
Moderate 3.2 55.5 2.9 44.5 3.3 29.4 5.8 53.6 1.8 17.0 
Severe 3.4 52.8 3.2 47.5 2.6 31.7 4.1 50.1 1.5 18.2 
Early 3.1 54.2 2.8 45.8 3.6 31.9 5.9 52.0 1.8 16.1 
Late 3.5 54.0 3.3 46.0 2.2 29.2 4.0 51.7 1.5 19.1 
Mean 3.4 52.3 3.3 47.8 3.0 31.8 4.8 50.5 1.7 17.6 
Tamallalt Control 2.9 39.0 2.8 61.0 2.1 23.6 8.9 57.5 1.8 18.9 
Moderate 3.1 54.3 2.7 45.8 2.4 27.6 4.7 52.7 1.8 19.7 
Severe 2.3 53.0 2.1 47.0 2.1 28.6 4.0 53.2 1.4 18.3 
Early 2.2 53.5 1.9 46.5 2.5 28.1 4.7 53.0 1.7 18.9 
Late 3.2 54.0 2.9 46.0 2.0 27.9 3.9 52.9 1.4 19.1 
Mean 2.8 48.8 2.5 51.3 2.2 26.6 5.8 54.5 1.7 19.0 
Asni Control 2.7 52.0 2.6 48.0 2.4 33.8 3.9 52.6 1.0 13.6 
Moderate 2.9 57.3 2.3 42.8 2.5 32.8 3.9 50.5 1.3 16.7 
Severe 3.3 56.5 2.7 43.5 2.2 31.6 3.8 53.0 1.2 15.3 
Early 2.9 55.5 2.5 44.5 2.6 32.7 4.1 50.8 1.4 16.5 
Late 3.2 58.2 2.5 41.8 2.1 31.8 3.5 52.7 1.1 15.5 
Mean 3.0 55.3 2.5 44.8 2.4 32.7 3.9 52.0 1.2 15.2 
Acsad 176 Control 2.6 50.3 2.6 50.0 2.3 29.0 3.7 47.3 1.9 23.7 
Moderate 3.2 54.5 2.5 45.5 2.4 29.3 4.0 47.8 2.0 22.9 
Severe 2.7 52.0 2.6 48.0 2.0 29.2 3.5 50.3 1.4 20.5 
Early 3.3 53.5 2.7 46.5 2.3 29.5 3.9 49.0 1.8 21.5 
Late 2.6 53.0 2.4 47.0 2.1 29.1 3.6 59.0 1.6 21.8 
Mean 2.8 52.3 2.6 47.8 2.2 29.2 3.8 48.5 1.8 22.4 
S.E 0.3 3.3 0.3 3.3 0.3 2.6 1.9 1.9 0.3 2.1 
LSD (5%) cultivars 0.4 3.8 0.4 3.8 0.4 3.1 2.0 2.0 0.3 2.4 
Moderate = cut at 10-cm height Severe = cut at 5-cm height 
Early = early jointing Late = late jointing 
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forage barley Barlis 628 had the highest weight of leaves by 23 Feb. and 15 Mar. (3.4 
and 3.0 t DM ha"', respectively). Asni had high leaf DM yield by 23 Feb. (3.0 t DM 
ha ') but a high proportion of the leaves had senesced by 15 Mar. At the elongation 
stage (23 Feb.) half of the above ground DM was allocated to leaves and the other half 
to stems. However, these proportions changed during grain filling with about one-half 
of the dry weight remaining in the stems, one-third in the leaves, and one-fifth in the 
developing spikes (Table 6). Cultivar differences at this date were primarily due to 
differences in developmental stages. 
Severe defoliation affected plant parts of the cultivar differently. It decreased leaf 
weight of Barlis 628 and Acsad 176, decreased stem weight of Tamallalt, and decreased 
spike weight of Tamallalt and Acsad 176. Early defoliation increased leaf weight of 
Tamallalt and Asni, and decreased stem weight of Tamallalt. Late defoliation decreased 
leaf weight of Barlis 628, and stem weight of Tamallalt. These differential responses of 
cultivars in responses to defoliation clearly demonstrate that yield reduction, as shown in 
the next section, cannot be attributed to only one parameter such as leaf weight or leaf 
area, but that it varies depending on the cultivar. Stage of defoliation x defoliation 
intensity interaction was significant for leaf and stem weights. Defoliation at early 
growth stages increased leaf and stem weights even when severe, but defoliation at late 
stages reduced leaf and stem weights particularly when severe. 
Grain yield and related traits 
All four cultivars had the similar duration of the vegetative periods, but differed 
for the reproductive periods (Table 7). The six-row barleys, Barlis 628 and Acsad 176, 
had similar grain filling periods (36 d), but the two-row barleys, Asni and Tamallalt, had 
shorter grain filling periods (35 and 30 d respectively). These last two cultivars had 
significantly higher tiller and spike numbers per unit land area but relatively lower 
percent fertility and grain size and therefore lower grain yield than the six-row cultivars. 
Lodging was a problem with the tall forage barley, Barlis 628, and the weak stemmed 
cultivar, Tamallalt, but this problem was reduced by defoliation. 
Table 7. Defoliation effects on vegetative and reproductive periods, lodging, grain yield and its components 
of four field grown barley cultivars 
Vegetative Reproductive Lodging" Tillers Spikes Tillers Harvest Grain Grain 
Cultivar Defoliation period period scores at harvest at harvest fertility index yield weight 
d tillers m'^ spikes m' % t ha"' mg 
Barlis 628 Control 115.9 36.0 4.6 702 472 69 0.39 3.1 37.2 
Moderate 116.5 36.0 4.5 640 488 77 0.41 3.0 26.6 
Severe 117.6 36.0 5.0 644 485 75 0.44 3.3 37.6 
Early 117.1 36.0 4.3 665 486 73 0.42 3.3 38.7 
Late 117.0 36.0 4.8 620 487 79 0.44 3.0 35.8 
Mean 116.7 36.0 4.6 662 481 74 0.41 3.1 37.2 
Tamallalt Control 117.1 29.9 5.0 1442 1006 72 0.41 2.4 30.2 
Moderate 117.6 30.3 4.6 1417 1082 74 0.41 3.2 26.8 
Severe 117.5 30.9 4.9 1514 843 57 0.44 2.9 25.8 
Early 117.5 30.0 4.3 1443 1020 70 0.42 2.9 26.2 
Late 117.6 31.1 5.0 1489 906 61 0.43 3.2 26.4 
Mean 117.4 30.3 4.8 1458 977 68 0.42 2.8 27.6 
Asni Control 116.8 34.3 5.0 985 461 49 0.34 1.6 22.3 
Moderate 117.1 34.5 5.0 1036 640 63 0.37 2.3 27.7 
Severe 117.6 35.4 5.0 998 580 59 0.35 2.0 25.4 
Early 117.3 35.1 5.0 979 665 68 0.36 2.2 27.5 
Late 117.5 34.7 4.8 1055 564 54 0.36 2.5 25.6 
Mean 117.2 34.7 5.0 1006 560 57 0.35 2.0 25.1 
Acsad 17 Control 115.9 36.0 4.9 765 575 77 0.45 3.9 28.5 
Moderate 116.1 36.0 5.0 799 606 75 0.46 3.5 30.5 
Severe 117.8 36.0 5.0 794 558 71 0.46 3.5 28.7 
Early 116.6 36.0 5.0 787 572 73 0.45 3.5 28.5 
Late 117.3 36.0 5.0 806 592 72 0.47 3.5 31.5 
Mean 116.6 36.0 5.0 786 580 74 0.46 3.6 29.3 
S. E. 0.7 0.9 0.2 108 96 8 0.04 0.4 2.8 
I SO (5%) cultivars 0.8 1.1 0.2 125 111 9 0.05 0.5 3.3 
Lodging rated on a scale of 1 = alt lodged; 5= no lodging 
Moderate = cut at 10-cm height Severe = cut at 5-cm height Early = early jointing Late = late jointing 
58 
Grain yield was significantly increased by moderate defoliation of the dual 
purpose barleys, Asni and Tamallalt; 3.2 and 2.3 t ha"' compared to 2.4 and 1.6 t ha ' 
for the controls, respectively. This increase was associated with an increase in percent 
fertile tillers (Table 7). The grain yield and its components of the other two cultivars 
were not affected by defoliation intensity. Severe defoliation significantly reduced spike 
numbers and grain size of Tamallalt. 
Both early and late defoliation significantly increased grain yield of the two-row 
barleys, Asni and Tamallalt (Table 7). The increase resulted from an increase in fertility 
percentage and grain size for Asni. The grain yield of the other cultivars were not 
affected significantly by stage of defoliation. Thus, results from the field experiment 
showed inconsistent effects of the different defoliation treatments on grain yield. 
Dry matter and grain yields relationships 
The relationships shown on Fig. 12 indicate that highest total DM yields and 
higher grain yields were obtained by moderate and late defoliation of Tamallalt, 
confirming therefore its potential for dual purpose under these defoliation treatments in 
the field. Barlis 628 that was defoliated either early, moderately, severely, or 
undefoliated, confirmed again its superiority for forage production. The grain barley 
Acsad 176 confirmed, as usual, its superiority for grain yield even under severe 
defoliation. Therefore some of these results were similar to those obtained under the 
greenhouse experiment (i.e. those of Acsad 176 and to some extent Barlis 628), but 
others were just the opposite or different from those obtained under the greenhouse 
experiment (i.e. those of Asni and Tamallalt). Nevertheless, the same remarks we gave 
previously on the criteria of selecting a dual use cultivar for a given environment can be 
still applied to this experiment. 
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CONCLUSIONS 
Barley cultivars varied in their agronomic traits. More than 80% of total DM 
was allocated to the shoot, 20% or less to the roots, and 42% of the shoot DM was 
allocated to spikes. Tiller mortality increased during stem elongation. Interactions 
between stage and intensity of defoliation were not significant. Defoliation reduced plant 
height, leaf area, DM yield, grain yield, number of spikes, and number of tillers at 
anthesis. It increased the shoot-to-root ratio, delayed an thesis date and shortened the 
reproductive period. Under the greenhouse conditions, total forage DM yield (including 
the removed boimass at defoliation) of Barlis 628 (40% reduction) was more decreased 
by defoliation Acsad 176 (30%) and Asni (30%) or Tamallalt (18%). In the field where 
more interplant competition and lodging existed, however, severe defoliation resulted in 
an increase in total DM yield of the two-row barleys Tamallalt and Asni, 7 and 13%, 
respectively. The proportion of spikes, stems, and leaves were affected differently by 
defoliation depending on cultivars. The ability of cultivars to recover rapidly after 
defoliation was associated with a well-developed root system, large leaf weight, and low 
shoot-to-root ratio as was the case for Asni. The DM and grain yield relationships 
obtained in the greenhouse were different from those in the field particularly for the two-
row barleys, Asni and Tamallalt. For these cultivars, in the greenhouse, defoliation 
reduced DM yield which in turn reduced grain yield but in the field moderate defoliation 
increased both DM and grain yields. Lodging in the field was a factor that in part 
affected these differences between the greenhouse and the field results. Acsad 176 
produced higher grain yield than other cultivars even when defoliated severely. 
Consideration should be given to both grain and forage yield reductions after defoliation 
when selecting barley cultivars for dual use. 
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DEFOLIATION EFFECTS ON FORAGE QUALITY OF SPRING BARLEY 
A paper to be submitted to The Agronomy Journal 
E. El-Mzouri and D. R. Buxton 
ABSTRACT 
Barley (Hordeum vulpare L.) grown for dual purpose (forage and grain) produces 
grazed forage at a time when it is most needed by livestock requiring a high level of 
nutrition (lambing/calving). Little is known about the effect of early defoliation on 
subsequent forage quality characteristics of barley. The objectives of this work were to 
evaluate subsequent forage quality characteristics of barley subject to early defoliation and 
to relate this to the plants agronomic traits. Four spring barley cultivars known to differ 
in response to grazing were subject to defoliation treatments in a greenhouse study. 
Defoliated treatments included two stages of defoliation (early joint and late joint) and 
three defoliation intensities (nondefoliated control, moderate defoliation, and severe 
defoliation). Crude protein (CP) concentration was highest in straw of 'Acsad 176' (39 g 
kg"' DM). 'Barlis 628' had 5.5% higher in vitro digestible dry matter (IVDDM) than the 
other cultivars. Cell solubles concentration was highest in Barlis 628 (377 g kg"' DM), 
and Acsad 176 (373 g kg"' DM). Straw of 'Asni' contained higher cellulose (390 g kg"' 
DM) and hemicellulose concentrations (239 g kg"' DM). Highest lignin concentration 
was found in Acsad 176 (61 g kg"' DM). Crude protein, IVDDM, and cell-solubles 
concentrations declined linearly and cellulose and lignin concentrations increased linearly 
with time, whereas hemicellulose increased curvilinearly. The effect of defoliation on 
subsequent forage quality differed depending on cultivar. Total dry matter yield 
(including removed DM at tillering) was positively correlated with CP concentration 
(r=0.64) at mature stage and with IVDDM (r=0.63) at anthesis. Grain yield was 
positively correlated with CP concentration (r=0.38) and IVDDM (r=0.33), negatively 
related to lignin (r=-0.33), and to cellulose (r=-0.44) at anthesis and mature stages. 
Hence, defoliation effects on forage quality were inconsistent and high grain yielding 
barley cultivars may have high forage quality at anthesis. 
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INTRODUCTION 
Barley grown for dual purpose (forage and grain) produces grazed forage at a time 
when it is most needed by sheep (Ovis aries) and cattle (Bos taurus) requiring a high 
level of nutrition (lambing/calving). Grazing removes foliage and plant reserves 
(photoassimilates and proteins) required for further growth or regrowth, which might 
affect cell wall and protein synthesis and therefore influence forage quality. Studies on 
the effect of defoliation during early stages of growth on subsequent forage quality 
characteristics and their relationships with forage and grain yields of barley are limited if 
not inexistent. There is a need to know the effect of defoliation during tillering on forage 
quality characteristics and on their relationship with subsequent forage regrowth and grain 
yield so that informed decisions can be made about grazing of barley . 
The forage of small grain cereals is high in water and soluble constituents (Croy, 
1983). The nutrients in barley and wheat (Triticum aestivum L.) pastures are readily 
available and rapidly digested when plants are in the vegetative stage (Cherney and 
Marten, 1982b). At the tillering stage, concentrations of 200 to 300 g CP kg ' in the 
forage dry matter (DM) are common (Hadjichristodoulou, 1991). The fiber content of 
small grains forage at the vegetative stage is low (Horn, 1983; Cherney and Marten, 
1982b). 
Differences among and within small grain cereals species for forage quality have 
been reported by many authors (Cherney and Marten, 1982; Chapko et a!., 1991). 
Verma et al. (1987), while evaluating barley for fodder potential, recorded significant 
variation among barley genotypes for protein concentration, which ranged from 113 to 
203 g kg"' DM at milk stage. Herbert and Thomson (1992) observed that leaf and stem 
fractions of two-rowed barleys contained less acid detergent fiber (ADF) than six-rowed 
genotypes. Variation in lignin concentration of forage cell walls was reported by Buxton 
(1990). Variation in in vitro digestible dry matter (IVDDM) can occur from differences 
in both cell wall concentration and cell wall digestibility (Buxton, 1989). 
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Genetic variation for IVDDM and other forage quality traits seems to be greater at 
more advanced stages of development than at younger growth stages in orchardgrass 
(Dactylis glomerata L.) and smooth bromegrass (Bromus inermis Leyss.; Buxton and 
Marten, 1989). Genetic variability in straw quality of barley is undoubtedly available and 
tall lines generally have a lower leaf proportion and lower feeding value than short lines 
(Capper et al., 1989). Cultivar variation in in sacco DM degradability and in IVDDM of 
straw have also been reported (Tuah et al., 1986). 
The decline in nutritional quality with advancing phenological development has 
been well established for forage of small grain crops (Cherney and Marten, 1982a). 
Linear changes of IVDDM and other quality characteristics such as neutral detergent 
fiber (NDF) with time were reported by most investigators (Buxton and Marten, 1989; 
Sanderson and Wedin, 1989a). The average decrease in CP concentration with maturity 
was reported to be about 2.2 g kg ' DM d ' for several species (Buxton et al., 1994). 
Reduced quality of total herbage was explained by relatively rapid loss in stem quality 
(Cherney and Marten, 1982b), increasing proportion of stem in total herbage (Cherney et 
al., 1983; Buxton and Pales, 1994), leaf senescence (Kalu and Pick, 1983), and increased 
concentration of lignin or cell wall constituents (Kondo et al., 1992; Cherney and 
Marten, 1982b). 
The only studies relating grain yield, forage yield, and forage quality in small 
grain are those for wheat. Chapko et al. (1991) found that across cultivars these traits 
were negatively correlated with each other. Investigation with barley relating defoliation 
treatments to subsequent forage quality and digestibility and relating these forage quality 
characteristics to forage production and grain yield are lacking. The objectives of this 
work were (i) to evaluate the subsequent response of forage quality characteristics of 
barley cultivars to defoliation intensity at different stages of growth, and (ii) to relate 
forage quality characteristics to forage production and grain yield. 
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MATERIALS AND METHODS 
Seeds of four spring barley cultivars were grown under greenhouse conditions in 
pots containing 2:1 soil:sand mixture. The four barley cultivars were chosen because of 
their divergent morphological and agronomic traits that influence their response to 
grazing. Their characteristics are described in the materials and methods of the previous 
paper. Pots were over-planted (9 to 12 plants per pot) and then at the two-leaf stage, the 
plants were thinned to 6 plants per pot. Pots were weighed every 3 to 4 d and water was 
added to bring the initial soil moisture to field capacity. 
Two similar experiments were conducted. The first was initiated on 20 Dec. 
1990 and terminated on 13 Apr. 1991. The second was started 15 July 1991 and 
terminated on 3 Nov. 1991. The temperature averaged 25°C with a minimum of 15°C 
and a maximum of 35°C during the first experiment and averaged 27°C with a minimum 
of 19°C and a maximum of 38°C during the second experiment. The plants were 
provided short days (9 h) for the first 60 d after which daylength was progressively 
increased to 15 h by seed-filling stage. A large black dark plastic cover was used for this 
purpose. 
Defoliation treatments consisted of (i) a nondefoliated control, (ii) a 10-cm cutting 
height (moderate defoliation), and (iii) a 5-cm cutting height (severe defoliation). These 
defoliation treatments were applied at early or late stages of plant development. The 
early stage of defoliation was applied at early joint when one to three tillers were present 
in at least 50% of plants in a pot. The late stage of defoliation was applied at the late 
jointing stage just before stem elongation. 
The experimental design was a split-split-plot with three replicates. Stage of 
defoliation was the main plot, defoliation intensity was the sub-plot, and the four 
cultivars were the sub-sub-plot. 
Cell-wall concentration was estimated from NDF analysis by the method of 
Goering and Van Soest (1970) and Van Soest and Robertson (1980). Two milliliters of 
alpha amylase (Sigma No. A-3051, St Louis, MO) solution were added after boiling the 
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neutral detergent solution for 30 min. Sample size was about 1.0 g, and samples were 
analyzed in duplicate. The samples were analyzed sequentially for NDF, acid-detergent 
fiber (ADF), and acid detergent lignin (ADL). The ADL was determined by immersing 
the dried residue from the ADF step into 72% sulfuric acid as described by Goering and 
Van Soest (1970). The remaining residue was ashed in 550 °C for 4 h. The weight of 
lignin was obtained by subtracting the ash component from the residue. Hemiceilulose 
concentration was estimated as the difference between the NDF and ADF concentrations 
and cellulose concentration was estimated by subtracting lignin and ash components from 
ADF. 
Crude proteins (CP) concentration was determined by the semimicroKjeldahl 
method described by Bremner and Breitenbek (1983). About 0.1 g of ground sample was 
analyzed in duplicate for total N. The results were expressed as CP concentration by 
multiplying total N by 6.25. The IVDDM was determined by the NC-64 direct 
acidification method as described by Marten and Barnes (1980). Samples of 0.25 g each 
were analyzed in duplicate. 
Statistical analysis was undertaken using the Analysis of Variance Procedure of the 
Statistical Analysis system (SAS Institute, Inc., 1985). Mean separation was performed 
using the least significant difference (LSD 5%) where F tests were found significant. 
The two experiments generally produced similar results and data are presented averaged 
over experiments. 
RESULTS AND DISCUSSIONS 
Averaged over cultivars, treatments and experiments, the biomass removed by 
defoliation was 1.3 g DM pot"'. Severe and moderate defoliations removed more than 
60% and less than 30% of the plants above ground biomass, respectively. 
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Crude Protein Concentration 
Cultivar variation for CP concentration existed at anthesis and mature stages but 
not at the tillering stage (Fig. 1 and 2). Similar results were reported by Verma et al. 
(1987). Acsad 176 contained significantly more CP than the other cultivars with 156 and 
39 g CP kg"' DM at anthesis and mature stages respectively. 
Significant cultivar x defoliation intensity interactions were observed at the 
tillering and anthesis stages. At tillering, moderate defoliation decreased CP 
concentration of Asni whereas moderate defoliation increased that of Acsad 176 
(Fig. 1). But at anthesis stage CP concentration of Acsad 176 was decreased by both 
severe and moderate defoliations. 
Significant cultivar x defoliation intensity interactions were found at all maturity 
stages (Fig. 1). At the tillering stage, moderate defoliation increased CP concentration of 
Asni and Acsad 176, reduced CP concentration of Barlis 628, and did not affect that of 
Tamallalt. Severe defoliation at the same stage, however, increased CP concentration of 
Barlis 628, decreased CP concentration of Asni and Acsad 176, and did not affect that of 
Tamallalt. Moderate defoliation, increased CP concentration of Asni and Acsad 176 at 
the mature stage, decreased CP concentration of Acsad 176 at the anthesis stage, and did 
not significantly affect CP concentrations of Barlis 628 and Tamallalt at both anthesis or 
mature stages. 
Defoliation increased CP concentrations only at the tillering stage. At later stages 
of development, CP concentrations were either decreased or remained unchanged 
depending on cultivar. The increase of CP concentration soon after defoliation was 
mainly due to production of new tissues of leaves in the recovering plants. 
Crude protein concentrations decreased linearly with age (Table 1). These results 
confirmed those reported for other cool season grasses (Buxton et al., 1994; Cherney and 
Marten, 1982b). The rate of decline was about 3 g CP kg"' DM d ' for most cultivars, 
which was slower than rates reported by Buxton et al. (1994) in reed canarygrass 
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Fig. 1. The effects of defoliation on crude protein concentration of four spring 
barley cultivais. Treatments were a nondefoliated control, defoliation to 
10 cm (moderate), and defoliation to 5 cm (severe). Data are averaged 
over two maturity stages of defoliation. S.E. = 9.3. 
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Fig. 2. The effects of maturity stages at defoliation on crude protein concentration 
of four spring barley cultivars. Treatments were a nondefoliated control, 
defoliation at early jointing (early), and defoliation at late jointing (late). 
Data are averaged over two defoliation intensities. S.E. =9.8. 
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Table 1. Effect of defoliation on crude protein concentration of spring barley 
cultivars 
Cultivars Treatments Model 
Barlis 628 
Tamallalt 
Asni 
Acsad 176 
Control* Y = 369 . 0 - 3.2X 0. 98** 
Moderate* Y = 373.5 - 3.3X 0.99** 
Severe* Y = 374.3 - 3 . 3X 0.99** 
Early** Y = 344 . 0 - 3 . OX 0.99** 
Late** Y 402 . 3 — 3.6X 0.99** 
Control Y 398.4 — 3.SX 0.99** 
Moderate Y = 378 . 8 - 3.2X 0.99** 
Severe Y = 401. 6 - 3.4X 0.98** 
Early Y = 396. 9 - 3 . 3X 0.99** 
Late Y 383.8 — 3.3X 0.95** 
Control Y 407 . 0 — 2.9X 1.00** 
Moderate Y = 382 . 0 - 2.7X 0.99** 
Severe Y = 430.3 - 3 . IX 0.99** 
Early Y = 416.2 - 2.9X 0.99** 
Late Y = 395.8 — 2.8X 0.99** 
Control Y = 387 .1 — 3.3X 0.99** 
Moderate Y = 387.5 - 3.2X 0.99** 
Severe Y = 370.1 - 3.2X 0.99** 
Early Y = 387 . 0 - 3 . 2X 0.99** 
Late Y = 374.3 - 3.2X 1.00** 
Y = CP concentration (g kg"' DM) Moderate 
X = Days after emergence. Severe 
= 30 Early 
^^n = 48 Late 
* = Significant p=0.05 
**= Significant p=0.01 
= lO-cm height cut 
= 5-cm height cut 
= early jointing 
= late jointing 
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(Phalaris arundinacea L.) and in tall fescue (Festuca arundinacea L.; 4.2 and 3.8 g CP 
k g " '  D M  d " ' ,  r e s p e c t i v e l y ) ,  h o w e v e r ,  t h e  s a m e  a u t h o r s  r e p o r t e d  t h a t  2  t o  3  g  C P  k g ' d  '  i s  
similar to many reported studies. Defoliation seemed to have little effect on the rate of 
decline. These results show that with adequate N fertilization, barley is very high in CP 
concentration (above 260 g kg ' DM) during early grov/th stages. Its crude protein 
concentration can be equivalent to or even higher than those of forage legumes when high 
rates of N fertilizer are applied. This makes barley forage very desirable during times 
when no other green forage is available in the dry areas where barley is grown for dual 
purpose (Hadjichristodoulou, 1991). 
In the absence of defoliation, the rate of decline in CP concentration was highest 
for Tamallalt, lowest for Asni and intermediate for Bariis 628 and Acsad 176. Most of 
the CP was likely located in leaves as suggested by Sanderson and Wedin (1989b). 
In Vitro Digestible Dry Matter 
The barley cultivars differed in IVDDM at tillering and mature stages (Fig. 3 and 
4). At early growth stages, Acsad 176 and Tamallalt were more digestible (2.0 and 
1.2% more at tillering and 2.3 and 1.6% at anthesis, respectively) than Asni and Bariis 
628, whereas at the mature stage Bariis 628 was the most digestible (5.5% more than 
Acsad 176 and Tamallalt). Genetic variation for IVDDM was reported for other cool 
seasons annual grasses and legumes (Buxton and Casier, 1993; Brukner and Hanna, 
1990). 
Significant cultivar x intensity interactions were found at anthesis and mature 
stages (Fig. 3). Moderate defoliation increased IVDDM of Asni at anthesis and that of 
Acsad 176 at the mature stage, but it decreased IVDDM of Acsad 176 and Tamallalt at 
anthesis, and that of Bariis 628, Asni, and Tamallalt at maturity. Severe defoliation 
increased IVDDM of Asni at anthesis and Acsad 176 at maturity, but it decreased 
IVDDM of Tamallalt and Acsad 176 at anthesis and Asni at maturity. 
Cultivar x stage of defoliation interactions were also significant (Fig. 4). Early 
defoliation improved IVDDM of Bariis 628 and Asni at tillering stage, and of Acsad 176 
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at maturity. It decreased IVDDM of Acsad 176 and Tamallalt at an thesis, and that of 
Asni and Tamallalt at maturity. Similarly, severe defoliation had inconsistent effects on 
culitvars at various growth stages. 
The decline in IVDDM with time was linear for all cultivars and treatments 
(Table 2). Similar results were cited by Sanderson and Wedin (1989). In nondefoliated 
plants, the rate of decline of IVDDM with time was cultivar dependent and was affected 
by defoliation. It was often increased by defoliation in the two-row barleys, Tamallalt 
and Asni, and at times decreased in the six-row barleys, Acsad 176 and Barlis 628. 
The decline in quality with time is likely explained by a relatively rapid loss in 
stem quality, increased stem proportion in total herbage, and senescence of lower leaves, 
as noted by other investigators (Cherney and Marten, 1982b; Buxton and Fales, 1994). 
Soluble Nutrient Concentration 
Cultivar variation for cell solubles concentration occurred at all growth stages, 
with the lowest soluble nutrients concentration in Tamallalt at tillering, and in Asni at 
anthesis and mature stages. The highest cell solubles concentration of straw was obtained 
in the six-row barleys, Barlis 628 and Acsad 176; 377 and 373 g kg"' DM, respectively 
(Fig. 5 and 6). 
At the early stage of growth, there was no significant cultivar x defoliation 
treatment interaction, but at later stages of development cultivar x defoliation intensity 
and cultivar x stage of defoliation were significant. At anthesis, defoliation increased 
herbage soluble nutrients concentration of Barlis 628, Acsad 176, and Asni, but reduced 
that of Tamallalt. Straw soluble nutrient concentration was decreased in Tamallalt by 
defoliation. 
Similar to the previous quality characteristics, rate of decline in cell solubles 
concentration with time was cultivar dependent (Table 3). Barlis 628 had the fastest rate 
of decline (4.3 g kg"' DM d"') followed by Acsad 176 (4.0 g kg"' DM d '), Asni (3.9g 
kg"' DM d"'), and Tamallalt (3.6 g kg"' DM d ' ). Defoliation generally decreased the 
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Table 2. Effect of defoliation on in vitro dry matter digestibility (IVDDM) of spring 
barley cultivars 
Cultivars Treatments Model ? 
Barlis 628 
Control"*" Y = 797.5 - 1.5X 0.87** 
Moderate"*" Y = 807.4 - 1.7X 0.76** 
Severe"*" Y = 789.4 - 1.3X 0.91** 
Early"*" "*" Y = 819.9 - 1.8X 0.87** 
Late"*""*" Y = 776. 1 - 1.2X 0 .76** 
Tamallalt 
Control Y = 809.8 - 1.6X 0.93** 
Moderate Y = 817.2 - 1.8X 0. 89** 
Severe Y = 814.2 - 1.8X 0.98** 
Early Y = 811.9 - 1.8X 0.89** 
Late Y = 819.8 - 1.9X 0.98** 
Asni 
Control Y = 813.7 - 1.4X 0.71** 
Moderate Y = 827 . 0 - 1.5X 0.56* 
Severe Y = 814 . 0 - 1.5X 0.43* 
Early Y — 829 . 9 - 1.6X 0. 59* 
Late Y 810.5 — 1.4X 0.37* 
Control Y 836.0 — 2 . IX 0.88** 
Moderate Y = 827 . 4 - 1.9X 0.92** 
Severe Y = 820.7 - 1.8X 0.91** 
Early Y = 815.4 - 1.8X 0.92** 
Late Y = 836.2 - 2.0X 0.90** 
Y = IVDDM (g kg' DM) 
X = Days after emergence. 
+n = 30 
++n = 48 
* = Significant p=0.05 
**= Significant p=O.Ol 
Moderate = 10-cm height cut 
Severe = 5-cm height cut 
Early = early jointing 
Late = late jointing 
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Table 3. Effect of defoliation on cell soluble concentration of spring barley 
cultivars 
Cultivars Treatments Model 
Barlis 628 
Tamallalt 
Asm 
Acsad 176 
Control* Y = 800.1 - 4.3X 0 .90** 
Moderate* Y = 800.3 - 3.9X 0.91** 
Severe* Y = 793.5 - 4.0X 0.90** 
Early** Y = 813 . 2 - 4 . IX 0.93** 
Late** Y = 781.2 — 3.8X 0,95** 
Control Y = 758 . 5 — 3 . 6X 0.99** 
Moderate Y = 767.2 - 3 . 6X 0.89** 
Severe Y = 746.5 - 3 . 5X 0.90** 
Early Y = 768 . 4 - 3.7X 0.95** 
Late Y 745.0 — 3.4X 0.93** 
Control Y — 836.6 — 3.9X 0.99** 
Moderate Y — 832 . 3 - 3.7X 0.86** 
Severe Y = 828 . 8 - 3.7X 0.89** 
Early Y = 850.8 - 3.9X 0.88** 
Late Y = 810. 7 — 3 . 5X 0.96** 
Control Y 780. 5 — 4 . OX 0.98** 
Moderate Y = 809 .1 - 4 . 2X 0.98** 
Severe Y = 780.4 - 3.9X 0.90** 
Early Y = 804 . 4 - 4 . IX 0.91** 
Late Y = 789.4 - 4 . IX 0. 98** 
Y = Cell soluble concentration (g kg' 
X = Days after emergence. 
+n = 30 
++n = 48 
* = Significant p=0.05 
** = Significant p=0.01 
DM) 
Moderate = 
Severe 
Early 
Late 
10-cm height cut 
5-cm height cut 
= early jointing 
= late jointing 
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rates in Barlis 628 and Asni and had no consistent effect in Acsad 176 and Tamallalt. 
The linear decline in cell solubles concentration with age is consistent with a linear 
increase in NDF concentration as found by Sanderson and Wedin (1989a) for red clover 
(Trifolium sp), smooth bromegrass, and timothy, and by Cherney and Marten (1982a) for 
small grain cereals. 
Hemicellulose Concentration 
Cultivar variation for hemicellulose concentration was highly significant at the 
anthesis and mature stages of growth (Fig. 7 and 8). Asni had the highest hemicellulose 
concentration at anthesis (223 g kg"' DM) and mature stages (239 g kg 
DM"'). Defoliation had inconsistent effects on cultivars. For example, moderate 
defoliation increased hemicellulose concentration of Acsad 176 at tillering and that of 
Tamallalt at anthesis, but decreased that of Barlis 628 at anthesis and mature stages. 
Equations describing the rate of increase of hemicellulose concentrations with time 
show that unlike the other cell wall components, the accumulation of these 
polysaccharides follows a curvilinear trend; showing, therefore, that hemicellulose 
accumulation slowed at later stages of development of the barley plant (Table 4). These 
results are consistent with those of Bidlack and Buxton (1992) who found in species other 
than small grain cereals that hemicellulose accumulation was replaced by cellulose 
accumulation as plant tissues approach maturity. 
Cellulose Concentration 
Cellulose concentration varied among cultivars at all growth stages (Fig. 9 and 
10). It was significantly higher for Tamallalt and Acsad 176 (17.1 and 14.4% more 
cellulose, respectively) at tillering, higher for Barlis and Asni (13.0% more cellulose for 
both) at anthesis, and highest for Asni (17.5% more) at the mature stage. Defoliation 
generally decreased the cellulose concentration of Barlis 628, Asni, and Acsad 176, but 
increased that of Tamallalt at advanced growth stages. 
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spring barley cultivars. S.E. = 10.1. 
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Table 4. Effect of defoliation on hemicellulose concentration of spring barley 
cultivars 
Cultivars Treatments Model 
Barlis 628 
Tamallalt 
Asm 
Acsad 176 
Control* Y = 257 . 2 - 3495/X 0.89** 
Moderate"*" Y — 232 . 3 - 2821/X 0.87** 
Severe* Y = 249 . 0 - 3286/X 0.90** 
Early** Y = 238.5 - 3007/X 0.91** 
Late** Y = 242.4 — 3076/X 0.89** 
Control Y = 252 . 3 — 3219/X 0.99** 
Moderate Y = 272 . 8 - 3942/X 0.80** 
Severe Y — 248.3 - 2899/X 0.88** 
Early Y = 273 . 0 - 3809/X 0.87** 
Late Y 265.1 — 3755/X 0.78** 
Control Y 283 . 7 — 5451/X 0.95** 
Moderate Y = 267 . 5 - 4920/X 0.92** 
Severe Y = 283 . 3 - 5332/X 0.96** 
Early Y = 269.6 - 4808/X 0.90** 
Late Y 281. 1 — 5441/X 0.98** 
Control Y 228 . 1 — 1460/X 0.94** 
Moderate Y = 218.0 + 18/X 0.97** 
Severe Y = 258.7 - 3597/X 0.97** 
Early Y = 207 . 7 + 237/X 0.96** 
Late Y = 266.2 - 3849/X 0.89** 
Y = Hemicellulose concentration (g kg"' DM) 
X = Days after emergence. Moderate 
^n = 30 Severe 
"^"^n = 48 Early 
* = Significant p=0.05 Late 
**= Significant p=0.01 
10-cm height cut 
5-cm height cut 
early jointing 
late jointing 
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The accumulation of cellulose concentration was linear with time for all cultivars 
(Table 5). Most of the cellulose likely accumulated in stems with advancing maturity 
(Buxton; 1990; Buxton et al., 1994). Rate of increase in cellulose concentration varied 
with cultivars. Rates were highest in Barlis 628 and Asni, lowest in Tamallalt and Acsad 
176. Defoliation had inconsistent effects on the rate of cellulose accumulation. 
Lignin Concentration 
Cultivars differed at all growth stages for lignin concentration (Fig. 11 and 12). 
Acsad 176 had the highest lignin concentration at an thesis and mature stages, whereas 
Asni had the highest lignin concentration at the tillering stage. Defoliation often 
decreased the lignin concentration but several exceptions occurred. 
The accumulation of lignin concentration of barley herbage could be predicted by 
a linear regression in the absence of defoliation (Table 6). Linear regressions could be 
used to predict the increase in lignin concentration with age under defoliation of some 
cultivars like Acsad 176, Tamallalt and to some extent Asni, but for Barlis 628, the 
coefficients of determination became small. Lignin concentrations were very low at 
tillering and did not exceed 60 g kg"' DM at the mature stage for all cultivars. These 
concentrations doubled in cell walls on DM basis in barley cultivars with advancing 
maturity but not on cell-wall basis contrary to what was reported by Buxton et al. (1994) 
in alfalfa. 
Relation Among Forage Quality Characteristics 
and Agronomic Traits 
Overall effects 
Including treatments, cultivars, and experiments, the leaf-to-stem ratio did not 
show a consistent relationship with quality characteristics (Table 7). Total forage yield 
was negatively related to the quality characteristics of barley herbage at tillering, but 
yield was positively related with CP concentration at maturity, and IVDDM at anthesis. 
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Table 5. Effect of defoliation on cellulose concentration of spring barley cultivars 
Cultivars Treatments Model 
Barlis 628 
Control* Y = 72.9 + 2 . 8X 0.88** 
Moderate* Y = 80.6 + 2.6X 0.84** 
Severe* Y = 80.5 + 2.5X 0.92** 
Early** Y = 61. 3 + 2.8X 0.88** 
Late** Y = 96.7 + 2.4X 0.79** 
Tamallalt 
Control Y = 105 . 5 + 2.2X 0.85** 
Moderate Y = 97 . 3 + 2 . 2X 0.89** 
Severe Y = 109.9 + 2.2X 0.94** 
Early Y = 94.8 + 2.3X 0.86** 
Late Y = 111.7 + 2 . IX 0.93** 
Asni 
Control Y = 32.2 + 2.7X 0.97** 
Moderate Y = 46.5 + 2.4X 0.85** 
Severe Y = 28 .1 + 2.5X 0.94** 
Early Y = 20.7 + 2.7X 0.91** 
Late Y 55.7 + 2 . 3X 0.87** 
Control Y = 85.8 + 2 . 5X 0.90** 
Moderate Y = 72.8 + 2.7X 0.94** 
Severe Y = 103 . 2 + 2 . 2X 0.85** 
Early Y 87.4 + 2.4X 0.87** 
Late Y = 88.4 + 2.4X 0.73** 
Y = Cellulose concentration (g kg"' DM) 
X = Days after emergence. Moderate = 10-cm height cut 
+n = 30 +^n = 48 Severe = 5-cm height cut 
* = Significant p=0.05 Early = early jointing 
**= Significant p=0.01 Late = late jointing 
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Table 6. Effect of defoliation on lignin concentration of spring barley cultivars 
Cultivars Treatments Model 
Barlis 628 
Tamallalt 
Asm 
Acsad 17 6 
Control* Y 13 .1 + 0.33X 0.75** 
Moderate* Y = 8 . 2 + 0.38X 0.54* 
Severe* Y = 14.6 + 0.27X 0.33* 
Early** Y = 7.4 + 0.34X 0.32* 
Late** Y 14 . 6 + 0.33X 0.66** 
Control Y = 20 + 0.30X 0.96** 
Moderate Y 17.8 + 0.28X 0.99** 
Severe Y 20.8 + 0.23X 0.88** 
Early Y = 21.0 + 0.22X 0.63** 
Late Y 18.5 + 0.27X 0.85** 
Control Y = 26.1 + 0.13X 0.99** 
Moderate Y = 13 .7 + 0.27X 0.82** 
Severe Y : 35. 1 + 0.21X 0.91** 
Early Y = 17 . 8 + 0.22X 0.95** 
Late Y = 29 . 1 + O.IOX 0.46* 
Control Y 13 . 3 + 0.46X 0.88** 
Moderate Y = 13.0 + 0.4 IX 0.81** 
Severe Y = 08 . 0 + 0.50X 0.97** 
Early Y = 09.9 + 0.48X 0.95** 
Late Y = 10.9 + 0.43X 0.96** 
Y = Lignin concentration (g 
cut 
X = Days after emergence. 
+n = 30 ++n = 48 
* = Significant p=0.05 
**= Significant p=O.Ol 
kg DM'') Moderate = 10-cm height 
Severe = 5-cm height cut 
Early = early jointing 
Late = late jointing 
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Table 7. Pearson correlation coefficients of leaf-to-stem ratio, grain yield, 
and total forage yield with forage quality characteristics at 
different growth stages of barley. 
Hemicel Cell Lignin CP IVDDM 
Leaf/stem 
Tillering -0. 06 -0. 08 -0. 10 -0. 09 -0. 05 
Anthesis 0. 05 0. 03 -0. 02 0. 18* -0. 12 
Mature -0. 08 0. 16* -0. 15 -0. 22** -0. 02 
Grain yield 
Tillering -0. 16 -0. 44** -0. 38** -0. 39** -0. 38** 
Anthesis -0. 16 -0. 14 -0. 28*** 0. 31** 0. 33** 
Mature -0. 14 0. 06 -0. 33** 0. 38** -0. 01 
Forage yield 
Tillering -0. 18* -0. 51** -0. 37** -0. 36** -0. 33** 
Anthesis 0. 09 0. 07 0. 28** 0. 11 0. 63** 
Mature 0. 07 -0. 21* 0. 23** 0. 64** 0. 10 
Hemcell= hemicellulose Cell= cellulose CP= crude Protein 
IVDDM = in vitro digestible dry matter 
n — 144 
* = Significant p=0.05 
**= Significant p=0.01 
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Grain yield was negatively related to cellulose concentration at tillering, to lignin 
concentration at all growth stages, and to CP and IVDDM concentrations at tillering. At 
an thesis stage, however, CP and IVDDM became positively related to grain yield. Crude 
protein concentration at maturity also was positively related to grain yield. The 
relationships between forage quality at tillering and grain and forage yields were similar 
to those reported by Stuthman and Marten (1972). 
Within cultivars 
Relationships between leaf-to-stem ratio and forage quality characteristics averaged 
including treatments and experiments varied with cultivar (Table 8). In Barlis 628 and 
Asni, there were no relationships between leaf-to-stem ratio and forage quality 
characteristics. Tamallalt had a negative relationship between leaf-to-stem ratio and 
forage quality traits at tillering, and with CP concentration at the mature stage. Tamallalt 
had a highly significant positive correlation at anthesis between CP and the leaf-to-stem 
ratio. Acsad 176 had a negative relation between the leaf-to-stem ratio and lignin 
concentration and IVDDM at anthesis, and with CP concentration at the mature stage. 
Negative correlations were found between grain yield and hemicellulose and 
cellulose concentrations at tillering for all cultivars (Table 9). Also at the tillering stage, 
all cultivars except Barlis 628, had a negative relationship of lignin, CP, and IVDDM 
concentrations with grain yield. Significant positive correlations were obtained between 
CP concentration in straw at the mature stage and grain yield of Barlis 628, Acsad 176, 
and Asni. 
Negative relationships were obtained between total forage yield and the quality 
characteristics at tillering, particularly for cellulose concentration (Table 10) confirming 
those results found by Chapko et al. (1991). Total forage yield was positively correlated 
with IVDDM at anthesis and CP concentration at mature stage. Similar results were 
reported by Capper et al. (1989). Also lignin concentration at anthesis was positively 
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Table 8. Pearson correlation coefficients of leaf-to-stem ratio with forage 
quality characteristics at different growth stages of four barley 
cultivars 
Hemicel Cell Lignin CP IVDDM 
Barlis 628 
Tillering 0. 08 0. 16 0. 07 0. 12 0. 15 
Anthesis 0. 10 0. 10 -0. 08 0. 12 0. 00 
Mature -0. 10 0. 09 -0. 24 -0. 08 -0. 04 
Tamallalt 
Tillering -0. 50** -0. 51** -0. 44* -0. 51** -0. 52* 
Anthesis 0. 19 0. 01 0. 14 0. 63** -0. 32 
Mature 0. 00 0. 31 -0. 25 -0. 46** 0. 12 
Asni 
Tillering 0. 02 -0. 04 -0. 10 0. 02 0. 00 
Anthesis 0. 09 -0. 11 0. 16 -0 . 06 -0. 40 
Mature -0. 17 -0. 02 -0. 03 0 . 06 0. 16 
Acsad 176 
Tillering -0. 04 -0. 10 -0. 40 -0. 09 -0. 16 
Anthesis 0. 17 0. 13 -0. 39* 0. 22* -0. 34* 
Mature -0. 12 0. 19 -0. 18 -0 . 48** -0. 17 
Heiticell= hemicellulose Cell= cellulose CP= crude Protein 
IVDDM = in vitro digestible dry matter 
n = 36 
* = Significant p=0.05 
**= significant p=0.01 
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Table 9. Pearson correlation coefficients of grain yield with forage quality 
characteristics at different growth stages of four barley cultivars 
Hemicel Cell Lignin CP IVDDM 
Barlis 628 
Tillering 
Anthesis 
Mature 
-0. 
0. 
-0. 
35* 
02 
14 
-0. 
-0. 
-0. 
47** 
23 
25 
-0. 
0. 
0. 
23 
32 
36 
-0. 
0. 
0. 
23 
02 
72** 
-0. 
0. 
0. 
27 
56** 
00 
Tamallalt 
Tillering 
Anthesis 
Mature 
-0. 
-0. 
-0. 
44** 
13 
35* 
-0. 
-0. 
0. 
42* 
14 
24 
-0. 
-0. 
0. 
41* 
04 
00 
-0. 
0. 
-0. 
44** 
24 
15 
-0. 
-0. 
0. 
45** 
06 
22 
Asni 
Tillering 
Anthesis 
Mature 
-0. 
-0. 
-0. 
46** 
10 
03 
-0. 
0. 
0. 
53** 
28 
15 
-0. 
0. 
0. 
58** 
18** 
12 
-0. 
0. 
0. 
54** 
29 
35* 
-0. 
0. 
0. 
49** 
30 
23 
Acsad 176 
Tillering 
Anthesis 
Mature 
-0. 
-0. 
0. 
03* 
30 
08 
-0. 
-0. 
0. 
55** 
09 
09 
-0, 
-0. 
0. 
39* 
54** 
29 
-0. 
0. 
0. 
49** 
24 
41* 
-0. 
0. 
-0. 
45** 
49** 
21 
Hemcell= hemicellulose Cell= cellulose CP= crude Protein 
IVDDM = in vitro digestible dry matter 
n — 3 6 
* = Significant p=0.05 
**= Significant p=0.01 
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Table 10. Pearson correlation coefficients of total forage yield with forage quality 
characteristics at different growth stages of four barley cultivars 
Hemicel Cell Lignin CP IVDDM 
Barlis 628 
Tillering 
Anthesis 
Mature 
-0. 
0. 
0. 
46** 
33* 
06 
-0. 
-0. 
-0. 
63** 
18 
36* 
-0. 
0. 
0. 
32 
44** 
60** 
-0. 
0. 
0. 
31 
00 
78** 
-0. 
0. 
0. 
41* 
62** 
06 
Tamallalt 
Tillering 
Anthesis 
Mature 
-0. 
0. 
0. 
43** 
23 
26 
-0. 
-0. 
-0. 
46** 
12 
58** 
-0. 
-0. 
0. 
44** 
02 
22 
-0. 
-0. 
0. 
48** 
02 
65** 
-0. 
0. 
0. 
42* 
50** 
54** 
Asni 
Tillering 
Anthesis 
Mature 
-0. 
-0. 
0. 
16 
03 
06 
-0. 
0. 
-0. 
45* 
37 
21 
-0. 
0. 
0. 
45** 
52** 
10 
-0. 
0. 
0. 
26 
7 6** 
68** 
-0. 
0. 
0. 
17 
78** 
20 
Acsad 176 
Tillering 
Anthesis 
Mature 
-0. 
-0. 
0. 
03 
41* 
02 
-0. 
-0. 
-0. 
58** 
02 
22 
-0. 
0. 
0. 
40** 
66** 
32 
-0. 
0. 
0. 
51** 
26 
66** 
-0. 
0. 
-0. 
44 ** 
62** 
05 
Hemcell= hemicellulose Cell= cellulose CP= crude Protein 
IVDDM = in vitro digestible dry matter 
n = 36 
* = Significant p=0.05 
**= Significant p=0.01 
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associated with total forage production in all cultivars except Tamallalt. This high 
concentration of lignin might be needed in stem tissue to support higher plant biomass as 
suggested by Christensen et al. (1984). 
CONCLUSIONS 
Barley cultivars differed in their forage quality characteristics. Crude protein 
concentration was highest in Acsad 176 (156 and 39 g kg"' DM at an thesis and mature 
stages, respectively). The forage barley, Barlis 628, had 5.5% higher IVDDM than the 
other cultivars. Cell-solubles concentration was higher in Barlis 628 and Acsad 176, 377 
and 373 g kg ' DM, respectively. Straw of Asni contained higher cellulose and 
hemicellulose concentrations (390 and 239 g kg"' DM, respectively). Highest lignin 
concentration was found in Acsad 176 (62 g kg ' DM). 
Crude protein, IVDDM, and cell-solubles concentrations declined linearly with 
rates ranging between 2.9 to 3.5 g CP kg ' DM d"', 1.5 to 2.1 g IVDDM kg ' DM d ', 
and 3.6 to 4.3 g cell solubles kg ' DM d ' in nondefoliated plants. Cellulose and lignin 
concentrations increased linearly with time with rates ranging between 2.2 and 2.8, and 
0.13 and 0.46 g kg ' DM d ' whereas hemicellulose increased curvilinearly. The rates of 
increase or decrease of quality parameters were cultivar dependent. These rates were not 
remarkably affected by defoliation. The effect of defoliation on subsequent forage quality 
differed depending on cultivars. 
Correlation analysis showed inconsistent correlations between quality parameters 
and leaf-to-stem ratio and that dry matter was positively correlated with CP (r=0.64) at 
mature stages and IVDDM (r=0.63) at anthesis. At anthesis grain yield was positively 
correlated with CP (r=0.38) and IVDDM (r=0.33), negatively related to lignin 
(r=-0.33), and to cellulose (r=-0.44). Grain yield, forage yield and forage digestibility 
were positively correlated with each other. Defoliation effects on forage quality of barley 
were inconsistent but high grain yielding cultivars of barley usually had high forage 
quality. 
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DEFOLIATION AND WATER STRESS EFFECTS ON SPRING BARLEY GROWTH, 
DEVELOPMENT AND PHYSIOLOGY 
A paper to be submitted to The Agronomy Journal 
E. El-Mzouri and D. R. Buxton 
ABSTRACT 
Most barley (Hordeum Vulgare L.) grown for dual-purpose for both early grazing 
and grain production is in areas receiving less than 500 mm of rainfall per year. 
Understanding the physiological traits that allow some barley cultivars to possess high 
potential for dual-use under rainfed conditions is needed. The objectives of this study 
were to investigate defoliation and water stress effects on plant regrowth and physiology 
of four divergent barley cultivars. The study was conducted in the greenhouse and in the 
field. Four spring barleys known to differ in response to grazing under rainfed 
conditions of North Africa were subject to two levels of water supply (normal irrigation 
and stress irrigation) and to three defoliation intensities (nondefoliated control, moderate 
and severe defoliations). Defoliation reduced tiller number, plant height, and WUE, but 
did not affect water potential (WP), solute potential (SP) or turgor pressure (TP). Water 
stress reduced plant height, leaf area, carbon exchange rate (CER) by more than 50%, 
WP, SP, total dry matter (DM) (by more than 11%) and grain yields (by more than 45%) 
of all cultivars. It delayed anthesis date of all cultivars. Significant interactions between 
water stress and defoliation were found for CER at the grain filling stage in that CER 
was increased in defoliated plants (43.3 /xmoles CO^ m ^ s ') under normal irrigation 
compared to control (38.7 fimoles CO; m'^ s"') but under water-deficit stress CER was 
decreased in severely defoliated plants (18.4 ^moles CO; m'^ s"'). The highest rate of 
decrease of grain yield per unit DM reduced by defoliation was obtained for Tamallalt 
(1.4 g kg"' DM) and the lowest was obtained for Acsad 176 (0.6 g kg"' DM). It was 
concluded from this study that cultivars like Acsad 176, that have high tillering capacity, 
well developed-roots, high CER, adjust osmotically, have high yield potential, are 
suitable for dual-use under dryland farming. 
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INTRODUCTION 
Most of the barley crop (Hordeum Vulgare L.) grown in North Africa is in areas 
receiving less than 500 mm of rainfall per year. Barley is considered to be among the 
crops best adapted to dry areas (Hadjichristodoulou, 1991). The practice of using small 
grains cereals as dual-purpose crops for both forage and grain production has been 
reported in many areas of the world where water is limiting (Yau et al., 1989). The 
effects of defoliation from grazing on subsequent plant growth, physiology, and grain 
yield are strongly influenced by water supply, but few studies have investigated the 
effects of both defoliation and water stress on these traits in small grain cereals. 
The effects of water stress during particular phenological stages have been 
extensively studied and critical stages have been identified. Water stress inhibited tiller 
production and hastened the death of established tillers of small grain cereals (Zahour et 
al., 1991). Water stress reduced cell growth, leaf expansion, and leaf area per plant, and 
hastened leaf senescence (Dwyer and Stewart, 1987). It, therefore, likely reduced forage 
yield and quality (Buxton and Casier, 1993). Growth rates decrease linearly as soil water 
is reduced below field capacity (Hattendorf et al., 1988). Blum and Pnuel (1990) found 
that the amount of growth reduction as a result of drought stress differed among barley 
genotypes. Genotype differences in biomass reduction from water deficit were also 
reported in other small grains (Donatelli et al., 1992). 
The yield components most affected by water stress, in addition to tillers, are 
grain weight, number of spikes per plant, and grain number per spike (Zahour et al., 
1991). Grain yield was dependent on the amount or proportion of water used after 
anthesis rather than on total water used by the crop (Day et al., 1987). Under dry 
environments, high tiller numbers, high number of fertile heads per plant, and high 
kernel weight and harvest index are important parameters contributing to high yield in 
small grain crops (Singh, 1990). 
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The assimilate use pattern also changes under water stress. More stored assimilate 
is transferred to the grain in water-stressed plants (Gallagher et al., 1976). Hubik and 
Farquhar (1989) observed that the amount of dry matter (DM) partitioned into 
reproductive growth showed genetic variation, as did the effect of stress on DM 
partitioning to other plant parts. Increased translocation to the grain of currently fixed C 
in wheat (Triticum aestivum L.) exposed to water stress was reported by Johnson and 
Moss (1976). They indicated that C accumulated in stem segments, primarily in the form 
of structural carbohydrates of well-watered plant. 
Small grain cultivars that have an extensive root system, mature early, grow 
rapidly, and can make osmotic adjustments were reported to be more drought tolerant 
than those that do not possess these characteristics (Phillips et al., 1994). Passioura 
(1981) listed a number of studies in which an absolute increase in root growth under 
water stress was observed. A number of studies also have shown a positive link between 
early root growth and the ability of small grains to produce higher grain yields under 
drought (Wahbi and Gregory, 1989). Tolerant cultivars to water stress generally have 
higher root-to-shoot ratios (Dwyer and Stewart, 1987). 
Limiting water usually increased water use efficiency (WUE) of barley plants 
(Hubik and Farquhar, 1989; WUE = Total DM of above ground biomass divided by the 
amount of water used to produce the DM). But this may have happened because of deep 
percolation of water in the normally irrigated treatment watered pots ( Hattendorf et al., 
1988). Evidence indicates that plants can use stored soil water more efficiently if they 
experience moderate water deficit, causing root systems to absorb water from deeper in 
the soil (Ritchie, 1974). Although in many cases WUE and drought resistance are 
positively correlated, greater drought resistance does not necessarily imply greater WUE 
(Sullivan and Eastin, 1974). 
Reports on the effect of water stress on rate of development of cereals were not 
consistent. Some showed that developmental rate is hastened (Dwyer and Stewart, 1987), 
others found that it was delayed (Hussain and Aspinal, 1970), or unaffected (Davidson 
and Campbell, 1983) by water stress. Drought imposed throughout the cycle of growth 
104 
for extended periods generally cause delayed plant maturity as well as reduced shoot 
length and an increased leaf-to-stem ratio (Donatelli et al., 1992). Blum and Pnuel 
(1990) reported positive correlations between early heading and osmotic adjustment of 
wheat. Keim and Kronstad (1987) concluded that high yield under drought stress could 
be also attributed to earliness. 
Many researchers reported that photosynthetic drought resistance is associated 
with osmotic adjustment (OP) in the plant tissue (Johnson et al., 1984). Reduced OP 
contributes to maintenance of cellular volume and WP gradient between the inside and 
outside of plant cells, which induces water influx and relative water content to increase 
resulting in increased drought resistance. Accumulation of solutes has also been 
associated with enhanced regrowth after drought (Buxton and Fales 1994). 
In leaves of barley, carbon exchange rate (CER) was highly correlated with leaf 
water potential even with only a slight water stress. The decrease in CER with increased 
water stress was due primarily to increased stomatal diffusive resistance (Shimshi et al., 
1982). Studies on wheat showed that the extent of photosynthetic depression by soil-
water deficit differed among plant parts (Xu et al., 1990). 
The effects of defoliation on the physiology and growth of barley were reported in 
the first paper of this thesis, but investigations on the effect of both defoliation and water 
stress simultaneously on the physiology, development, and yield of barley is nonexistent 
and needs to be studied. The objectives of this work were (i) to investigate how limited 
water supply affects plant regrowth, physiology, and yield of divergent barley cultivars 
subjected to defoliation at early growth stages, and (ii) to relate leaf osmotic adjustment 
and photosynthesis to water stress and severity of defoliation. 
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MATERIALS AND METHODS 
Greenhouse experiment 
Four spring barley cultivars were grown in two similar experiments in pots 
containing 2:1 soil:sand mixture. The same four barley cultivars Barlis 628, Acsad 176, 
Asni, and Tamallalt used in previous studies of this thesis were investigated for their 
physiological and growth responses to water deficits and defoliation treatments. Plant 
characteristics of these cultivars are described in materials and methods of the first paper. 
Pots of 25-cm diameter by 28-cm depth were over-planted (9 to 12 plants per pot) 
and thinned to six plants per pot at the two-leaf stage. Pots were weighed every 3 to 4 d 
and water was added to bring the initial soil moisture in each pot to field capacity. 
Vermiculite was top-dressed in each pot to minimize water loss through evaporation. At 
the beginning of stem elongation, water was withheld progressively from the water-
stressed treatment for periods varying from 4 to 8 d after each irrigation. 
The first experiment started 12 Mar. 1991 and terminated 4 June 1991. The 
second experiment began 15 July 1991 and terminated 3 Nov. 1991. Temperature 
averaged 28°C with a minimum of 19°C and a maximum of 39°C for the first 
experiment and averaged 27°C with a minimum of 19°C and a maximum of 38°C for the 
second experiment. A large black dark plastic cover and additional light were used to 
control the photoperiod. The plants experienced short days (9 h) for the first 60 growing 
days, after which the daylength was progressively increased to 15 h at the seed-filling 
stage. The defoliation treatments consisted of 1) nondefoliated plants or control, 2) a 10-
cm cutting height or moderate defoliation, and 3) a 5-cm cutting height or severe 
defoliation. These defoliation treatments were randomly applied at mid-jointing stage of 
the four barley cultivars. Since barley maturity varied among cultivars and irrigation 
treatment, the time of defoliation varied. 
The design for each experiment was a split-split-plot with three replicates in a 
randomized block design. Irrigation treatment was the main plot, defoliation treatment 
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was the sub-plot, and cultivar was sub-sub-plot. Experimental units were individual pots. 
The two experiments were also analyzed in a combined analyses of variance. 
A complete set of pots was available for destructive harvesting of entire plants at 
anthesis. Plants harvested at anthesis were separated into leaves, stems, spikes, and 
roots. At maturity, plants in the remaining pots were separated into straw, spike, and 
roots. Dry matter was quantified after drying plant parts in an oven at 65°C for 48 h. 
Data collected for this experiment consisted of tiller numbers and survival, plant 
height, leaf area, grain yield, grain weight, forage dry matter production at tillering, 
anthesis, and mature stages, days from emergence to anthesis (vegetative period), and 
days from anthesis to mature stage (reproductive period), water potential (WP), solute 
potential (SP), CER, stomatal resistance (Cs), and WUE. 
Leaf area per pot was measured at anthesis with a LI-3000 leaf area meter (Ll-
COR, Inc, Lincoln, NE). Photosynthetic parameters were determined on three dates 
between stem elongation and anthesis on the last well-developed leaf with an exposed 
collar by using a LICOR-6200 portable photosynthesis system. Measurements of WP, 
SP, and TP were taken 2, 4, and 6 d after irrigation using a Wescor C-52 sample 
chamber and a HR-33T microvolter (Wescor, Inc, Logan Utah). The amount of water 
applied to the stressed plants was half of that applied to the fully irrigated plants. Water 
potential was measured on a fully developed flag leaf (collar showing) near anthesis. 
After being frozen at -20 "C, the same leaf-samples were used to determine solute 
potential with the same Wescor instruments using the psychrometric method. Turgor 
pressure (TP) was calculated as the difference between WP and SP. 
Field experiment 
A similar experiment using the same cultivars and treatments was carried out in 
the field during the 1992-93 growing season at the National Institute for Agronomic 
Research (INRA) experimental station in Settat, Morocco (33° N lat.). The cultivars 
were planted on 27 Oct. 1992 under natural rainfall and supplemental irrigation and 
harvested in March 1993. Each cultivar (sub-sub-plot) was planted in 15-cm rows at 
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sowing density of 100 kg seeds ha"' in plots that were 5 x 2 m in size. The experiment 
contained four replicates in randomized block design. Fertilizer at a rate of 30 kg N ha"' 
and 60 kg PgO; ha"' was applied at planting and 30 kg N ha"' was top dressed at tillering. 
Because of drought during this growing season, irrigations were applied on 15 Dec. 
1992, 7 Jan. 1993 and 12 Feb. 1993. The total amount of water applied at each date was 
respectively, 30, 30 and 30 mm on water stressed plots and 30, 50, and 50 mm on the 
nonstressed (normal) plots. Rainfall, irrigation, and temperature regimes for the growing 
season are shown in Fig. 1. The total water received by the nonstressed plots was 297 
mm. Soil water content at various soil depths were determined before planting and after 
harvest (Fig. 2) 
Data collected from this experiment consisted of plant density per unit area, plant 
height, lodging scores (5 = no lodging and 1 = completely lodged), vegetative and 
reproductive periods, tiller per unit area , spikes per unit area, harvest index, percent 
fertile tillers, grain yield, grain weight, leaf area index, and dry matter yield and 
partitioning at anthesis. A 25 x 25 cm^ quadrate was randomly used to count tillers and 
spikes, and estimate dry matter production and grain yield. 
Statistical analysis was undertaken using. Analysis of Variance Procedure (SAS 
Institute, Inc., 1985). Mean separation was performed using the least significant 
difference (LSD 5%) where F tests were found significant. 
RESULTS AND DISCUSSIONS 
Greenhouse experiment 
The amount of biomass removed during defoliation at mldjolntlng stage was 1.5, 
1.2, 1.0, and 0.8 g DM pot"' respectively for Barils 628, Acsad 176, Asnl, and 
Tamallalt. The biomass removed by severe defoliation was on the average 1.4 g DM 
pot"' and that removed by moderate defoliation was 0.8 g pot"'. 
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Fig. 1. Rainfall, normal irrigation, stress irrigation, and maximum, minimum, and 
average temperatures during 1992-93 cropping season at Settat. 
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SOIL DEPTH (cm) 
Fig. 2. Average soil moisture content at planting and at harvest for normal 
irrigation and stress irrigation for the field experiment at Settat. 
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Tillers production and survival 
Results from the two experiments were in general agreement with few interactions 
and results are presented as averages for the experiments. Maximum tiller production 
varied significantly among the four barley cultivars (Fig. 3 and 4). Asni had higher tiller 
numbers than the other cultivars. Tiller production and survival significantly increased 
between jointing and elongation stages for all cultivars, but tiller mortality increased 
before an thesis causing live tiller numbers to decrease. Tamallalt and Acsad 176 
produced more tillers after this stage than did the other two cultivars. These results 
confirm those reported by Simmons et al. (1982) on the dynamics of tiller production and 
survival, and on barley cultivar differences. 
Compared to nondefoliated plants, defoliation progressively reduced tiller 
production and survival (Fig. 3). This resulted in fewer tillers at harvest. Similar results 
were found in the previous study of this thesis where both severe or early defoliations 
reduced tiller number per plant. 
Water deficit had little consistent effect on tillering or survival (Fig. 4). 
Compared to the irrigated control, tiller mortality increased during stem elongation under 
water deficit conditions for all cultivars except Arsad 176. The final tiller number was 
similar under irrigated and water stress conditions for all cultivars except Asni, which 
had its final tiller number increased by water stress. These findings do not agree with 
those of Zahour et al. (1991) who found that water stress significantly reduced final tiller 
number, primarily because of the manner water limitation was applied. In their study 
plants were subject to severe water stress only before an thesis, whereas in our study it 
was moderate and continuous almost throughout the growing season. The water stress x 
defoliation interaction was significant during the elongation stages in that severe 
defoliation reduced live tiller numbers more under water stress than it did under normal 
irrigation. 
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Plant phenology and plant height 
The barley cultivars varied in length of growth period and plant height (Table 1). 
Asni had the longest total growth period and also had the longest vegetative period. The 
other cultivars had similar total growing periods but they differed in length of vegetative 
and reproductive periods. Tamallalt and Acsad 176 had shorter vegetative periods and 
shorter plants, but longer reproductive periods than Barlis 628 and Asni. 
Both moderate and severe defoliations delayed maturity of Barlis 628 but 
defoliation did not affect maturity of Acsad 176 and Asni (Table 1). Only severe 
defoliation delayed plant maturity of Tamallalt. Similar cultivar variation was reported 
by Hadjichristodoulou (1991). 
Water stress significantly extended the vegetative period of all cultivars (Table 1). 
But it reduced the reproductive periods of Tamallalt, Asni, and Acsad 176 and increased 
that of Barlis 628. Significant water stress x defoliation interactions were found for 
vegetative and the reproductive period durations. The vegetative period increased under 
stress and severe defoliation more than it did under defoliation or water stress alone, and 
duration of the reproductive period was reduced more by both severe defoliation and 
water stress compared to individual effects of defoliation or water stress. The delay in 
plant maturity reported by Hussain and Aspinal (1970) was mainly due to delayed 
anthesis as was shown by these results. The new barley cultivars (Acsad 176, Asni and 
Tamallalt) may escape late-season water deficit by accelerating translocation of 
photosynthate to grain and also by shortening their grain-filling period. 
Plant height of all cultivars was reduced by water stress (Table 1). Similar effects 
of water stress on plant height were observed by Peterson et al. (1992). Water stress and 
defoliation interacted significantly in that severe defoliation and water stress caused even 
shorter plants. 
At tillering, leaf area was highest for Barlis 628 and lowest for Tamallalt (Table 
1). By anthesis, leaf area was still lowest for Tamallalt and similar for the other 
cultivars. Defoliation reduced leaf area by more than 30% at anthesis for Barlis and 
Tamallalt and did not affect the leaf area of Asni and Acsad 176. Similarly, water stress 
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Table 1. Defoliation and water stress effects on phenology, leaf area, 
plant height and water-use efficiency (WUE) of four spring 
barley cultivars 
Leaf area 
Vegetative Reproductive 
Cultivar Treatment period period Tillering' Anthesis Height WUE'' 
cm 
Bar I is 628 
Control 82.5 25.0 - 633 72, .2 7.7 
Moderate 88.0 27.8 394 490 68 .0 6.5 
Severe 88.0 27.8 426 340 68 .8 5.5 
Irrigated 80.5 24.0 429 547 81, .9 6.1 
Stressed 91.8 29.7 391 428 57, .4 7.1 
Means 86.2 26.9 410 488 69, .7 6.6 
Tamallalt 
Control 80.5 33.5 - 490 59, 8 5.7 
Moderate 80.5 33.5 193 200 57, .7 4.8 
Severe 86.0 32.0 202 188 54, .3 3.9 
Irrigated 78.5 35.0 213 331 61, 1 4.2 
Stressed 86.2 31.0 182 254 53, .4 5.4 
Means 82.4 33.0 198 293 57.3 4.8 
Asni 
Control 102.0 27.5 - 484 62, ,3 7.7 
Moderate 102.0 27.5 225 546 63, ,5 7.6 
Severe 103.0 26.5 325 446 61, .5 7.1 
Irrigated 94.5 28.5 284 497 71, .8 6.9 
Stressed 110.2 25.8 265 487 53, 0 8.1 
Means 102.4 27.2 274 492 62, .4 7.5 
Acsad 176 
Control 80.5 33.5 - 469 61 .3 6.4 
Moderate 80.5 33.5 260 488 60, .3 6.1 
Severe 80.5 33.5 330 421 56, 8 5.0 
Irrigated 78.5 35.0 288 402 68, .5 5.1 
Stressed 82.5 32.0 303 517 50, .5 6.5 
Means 80.5 33.5 295 460 59 .5 5.8 
S.E. defoliation 3.1 0.8 40 96 2 .8 0.5 
S.E. water stress 2.5 0.6 32 78 2 .2 0.4 
LSD(5%) cultivars 3.6 0.9 46 110 3 .1 0.9 
Tillering* = control not harvested at tillering 
WUE'* = g DM kg' water applied 
Irrigated = normally irrigated 
Stressed = water stressed 
114 
reduced leaf area of Barlis 628 and Tamallalt by more than 10% but did not affect that 
of the other two cultivars that had higher photosynthesis and well-developed root systems 
(Table 1). There was no interactions between water stress and defoliation. 
Water use efficiency 
Asni had the highest WUE, followed in order by Barlis 628, Acsad 176, and 
Tamallalt (Table 1). Water use efficiency decreased significantly and progressively with 
increasing defoliation intensity (Table 1). 
Water-stress, on the other hand, significantly increased WUE of all cultivars 
(Table 1). Hubik and Farquhar (1989) reported similar results. Data reported by 
Hattendorf et al. (1988) showed, however, that increased deep percolation that results 
from excess water supply in normally irrigated plants might be the reason why lower 
WUE was observed in normally irrigated plants. 
Photosynthesis and stomatal conductance 
Carbon exchange rates were significantly higher for Asni and Acsad 176 than for 
Barlis 628 and Tamallalt at the stem elongation stage (Table 2). The forage barley, 
Barlis 628, had the lowest CER at all three stages of growth. This was clearly associated 
with the low stomatal conductance of this cultivar. The CER of Tamallalt increased from 
the stem elongation stage to be among the highest at the grain filling stage. It is also 
worth noting that highest CER occurred during the grain filling stage inspite of advancing 
maturity and decreasing Cs. This shows the influence of a strong sink on CER. 
The effect of defoliation on CER varied with cultivar and stage of growth. For 
instance, at the stem elongation stage, CER was significantly reduced by moderate 
defoliation of the two-row barleys, Tamallalt and Asni, significantly reduced by both 
defoliation intensity in the forage barley Barlis 628, but not statistically affected in the 
grain only barley Acsad 176 (Table 2). As growth advanced, the cultivar x defoliation 
intensity interaction became more significant in that CER in Asni and Acsad 176 was 
reduced more than CER in Barlis 628 and Tamallalt by water stress compared to 
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Table 2, Defoliation and water stress effects on leaf carbon exchange 
rate (CER) and stomatal conductivity (Cs) of four spring 
barley cultivars at different stages of growth 
stem elongation Anthesis Grain filling 
Cultivar CER Cs CER Cs CER Cs 
/xmoles s cm ' Mmoles S cm ' /imole s cm 
CO; m ' s ' CO; m' s ' CO; m ' s ' 
Bar I is 628 
Control 15.3 5.2 10.7 1.7 27.2 1.3 
Moderate 10.8 5.2 17.0 2.2 24.1 1.3 
Severe 11.8 5.1 16.1 1.9 24.7 1.3 
Irrigated 17.7 6.0 21.2 2.3 32.6 1.6 
Stressed 6.7 4.3 8.0 1.5 18.0 1.0 
Means 12.2 5.2 14.6 1.9 25.3 1.3 
Tamallalt 
Control 14.5 6.1 14.4 2.8 31.1 2.3 
Moderate 7.1 5.6 17.1 6.8 37.4 3.1 
Severe 16.4 5.9 18.9 6.1 37.6 2.3 
Irrigated 18.0 7.0 22.1 5.6 46.2 3.6 
Stressed 7.3 4.7 11.4 4.9 24.5 1.5 
Means 12.7 5.9 16.8 5.2 35.4 2.6 
Asni 
Control 18.5 6.5 13.9 2.6 28.8 1.6 
Moderate 13.3 5.6 26.0 4.3 33.9 2.6 
Severe 17.9 6.7 16.6 3.8 28.2 2.0 
Irrigated 19.1 7.0 20.3 3.9 41.8 3.0 
Stressed 14.0 5.4 17.4 3.2 18.7 1.1 
Means 16.5 6.2 18.8 3.5 30.3 2.1 
Acsad 176 
Control 15.4 6.2 18.1 3.2 28.0 1.6 
Moderate 14.1 5.0 14.9 3.1 45.9 3.4 
Severe 13.3 6.8 22.9 4.2 33.2 2.2 
Irrigated 17.7 7.1 27.5 3.5 47.1 3.4 
Stressed 10.8 4.9 9.8 3.4 24.3 1.4 
Means 14.2 6.0 18.6 3.5 35.7 2.4 
S.E. defoliation 5.2 0.5 1.4 1.6 2.0 0.2 
S.E. water stress 2.1 0.4 1.2 1.3 1.6 0.2 
LSD(5%) cultivars 4.3 0.8 2.3 2.6 3.2 0.4 
Irrigated = normally irrigated 
Stressed = water stressed 
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normally irrigated plants. During grain filling, defoliated Tamallalt and Acsad 176 had 
higher photosynthesis than control plants, but defoliation of Barlis 628 caused a reduction 
in photosynthesis relative to undefoliated plants. 
Water stress significantly reduced CER during all growth stages in all four 
cultivars (Table 2). Reductions of 50% or more often occurred. These reductions in 
CER occurred in part because of reduction in stomatal conductivity. Significant 
interactions between water stress and defoliation were found for CER at the grain filling 
stage in that CER was increased in defoliated plants under normal irrigation (43.3 /imoles 
CO; m"^ s"') compared to the control (38.7 /xmoles CO; m'^ s"'), but under water-deficit 
CER was decreased in severely defoliated plants (18.4 /xmoles CO; m^ s '). 
Stomatal conductance decreased with advancing maturity in all cultivars, however 
the extent of reduction varied among cultivars. Barlis 628 had the lowest Cs at all three 
sample stages (Table 2). Significant cultivar x defoliation interactions were observed 
similar to those for CER. Stomatal conductance of Barlis 628 was not affected by 
defoliation (Table 2). At the anthesis stage, Cs was increased by defoliation of the two-
row barleys, Asni and Tamallalt, but unaffected by defoliation of the six-row barleys, 
Acsad 176 and Barlis 628. However, during grain filling stage, defoliated plants had 
higher Cs than control plants of Acsad 176 and Asni and for moderate defoliation of 
Tamallalt. 
Water stress significantly reduced Cs at the stem elongation stage of all cultivars, 
had a smaller effect at anthesis, and showed significant interactions with cultivars during 
grain filling. During grain filling, flag leaf stomatal conductivity of Tamallalt, Asni, and 
Acsad 176 was significantly reduced by water stress, whereas that of Barlis 628, which 
was low, showed smaller response to water stress. Under water stress, photosynthesis 
may be shifted away from the leaf lamina to spikes that usually have less CER depression 
during water deficit (Xu et al., 1990). 
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Flag leaf water relations 
Significant cultivar differences were observed for WP, SP, and TP at different 
times of measurements. For example, averaged over treatments, Acsad 176 (-0.56 M Pa) 
and Tamallalt (-0.52 M Pa) had lower WP than Bar! is 628 (-0.36) and Asni (-0.35 M Pa) 2 
d after irrigation. Six days after irrigation, Barlis 628 (-1.19 M Pa) and Tamallalt (-1.12 
MPa) had lower WP than Asni (-0.91 MPa) and Acsad 176 (-1.01 M Pa). Asni had the 
highest SP 4 (-0.96 MPa) and 6 (-1.21 MPa) d after irrigation. The SP of the other 
cultivars was reduced to lower than -1.10 and -1.27 MPa by 4 and 6 d after irrigation. 
Turgor pressure was highest for Acsad 176 (0.45 MPa) and Asni (0.55 MPa) 2 d after 
irrigation. After 4 d, these TP values were significantly higher in Barlis 628 (0.46 MPa) 
and Tamallalt (0.50 MPa) than in the other cultivars. These two cultivars had increased 
osmotic adjustment until 4 d after irrigation. But as water stress increased after 4 d, TP 
of all cultivars decreased to less than 0.30 MPa and started to lose their osmotic 
adjustment capacity. 
Defoliation treatments did not significantly affect subsequent WP, SP, and TP of 
the flag leaf of defoliated plants compared to nondefoliated control plants (Fig. 5 and 6). 
Also, the defoliation x cultivar interaction was nnt significant. These results show, 
therefore, that defoliation treatments may not affect osmotic adjustment of grazed barley. 
Water supply regimes did influence the mid-day water relations of the flag leaf 
of the cultivars (Fig. 7). As water stress increased over time, WP and SP became 
significantly lower in the stressed plants than in normally irrigated plants of all cultivars. 
Turgor pressure became significantly higher in the stressed plants than in the normally 
irrigated plants, reflecting, therefore the osmotic adjustment of acclimated plants to 
continuous and moderate water stress. Significant interactions were found between water 
supply and cultivars for WP and SP 2 and 4 d after irrigation and for TP 6 d after 
irrigation. For example Tamallalt had always the lowest WP and SP under normally 
irrigated or water deficit situations and Acsad 176 had the highest WP and SP in 
normally irrigated plants but under stress it had reduced its WP and SP more than Asni 
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Fig. 5. Water potential (WP), solute potential (SP), and turgor pressure (TP) of a fully grown flag leaf of 
moderately defoliated spring barley cultivars. [WPCON, SPCON, and TPCON are WP, SP, and TP 
for control plants (solid lines), and WPMOD, SPMOD, and TPMOD are WP, SP, and TP for moderately 
defoliated plants (discontinued lines), respectively.] S.E. (WP) = 0.07, S.E. (SP) = 0.08, and S.E. 
(TP) = 0.06. 
DAYS AFTEH IRRIGATION 
BkHâ 628 
DAYS AFTER IRRIGATION 
Xunallall 
I 
1.5 
1 
as 
^ o 
I 
I -1 
-1.5 
WPCON -nAr- SPCON 
-B-WHSEV SPSEV 
-«-TPCON 
-K-TPSEV 
— * 
DAYS AFTER IRRIGATION 
iasi 
I 
z 
S 
i 
1.5 
as 
-1 
-IS 
WPCON -Wk- SPCON -•-TPCON 
-13.-WPSEV 
.1— 
SPSEV -M-TPSEV 
vO 
DAYS AFTER IRRIGATION 
&£aadl76 
Fig. 6. Water potential (WP), solute potential (SP), and turgor pressure (TP) of a fully grown flag leaf of 
severely defoliated spring barley cultivars. [WPCON, SPCON, and TPCON are WP, SP, and TP 
for control plants (solid lines), and WPSEV, SPSEV, and TPSEV are WP, SP, and TP for severely 
defoliated plants (discontinued lines), respectively.] S.E. (WP) = 0.07, S.E. (SP) = 0.08, and S.E 
(TP) = 0.06. 
WPCON SPCON —TPCON 
-a WPSTR SPSTR -M-TPSTR 
DAYS AFTER IRRIGATION 
Buiis62a 
2 
1.5 
1 
ae-
§ 0 p 
-as 
1 -
-1.5 
-2 
WPCON SPCON TPCON 
-D--WPSTR SPSTR TPSTR 
• 
" 
a 
DAYS AFTER IRRIGATION 
T»m«ll«ll 
CL 
& 
I Q. 
Œ 
i 
2 WPCON SPCON TPCON 
2 
1.5-
WPCON -A- SPCON — TPCON 
1.5 -£>- WPSTR SPSTR - *  TPSTR -Q--WPSTR SPSTR -H- TPSTR 
1 
a5 
& 1-
0.6-
0 0-
<15 
-1 
2 
Œ 
1 
Oi5 
-1-
B 
-1.5 •1.6 
•2-
-2^ 2 r~ 4 
DAYS AFTER IRRIGATION 
6 2 4 
DAYS AFTER IRRIGATION 
a 
Aani AcsadirS 
ë 
Fig. 7, The effect of water stress on water potential (WP), solute potential (SP), and turgor pressure (TP) of 
fully grown flag leaf spring barley cultivars. [WPCON, SPCON, and TPCON are WP, SP, and TP 
for normally irricated plants (solid lines), and WPSTR, SPSTR, and TPSTR are WP, SP, and TP for 
water stressed plants (discontinued lines), respectively.] S.E. (WP) = 0.07, S.E. (SP) = 0.08, and S.E. 
(TP) = 0.06. 
121 
and Barlis 628, 2 d after Irrigation. Six days after irrigation, all cultivars had similar TP 
(0.16 MPa) in irrigated plants but under water stressed conditions Acsad 176 had the 
highest TP (0.58 MPa) followed in order by Asni (0.53 MPa), Barlis (0.47 MPa), and 
Tamallalt (0.38 MPa). Osmotic adjustment took place earlier in Barlis 628 and Tamallalt 
than in Asni and Acsad 176. 
Dry matter production and partitioning at different growth stages 
At the tillering stage, Barlis 628 produced the highest harvestable yield, followed 
by Acsad 176, Asni, and Tamallalt (Table 3). At the later stages, highest above ground 
biomass was produced by Asni, followed by Barlis 628 and Acsad 176. Tamallalt 
produced the lowest yields at all growth stages. 
Both defoliation during the tillering stage and water stress resulted in lower DM 
yield at later growth stages compared to control plants (Table 3). However, the extent of 
DM reduction differed among cultivars and defoliation intensity. For example, less 
reduction in DM production occurred in Asni during water stress than in the other 
cultivars. Severe defoliation reduced subsequent DM yield at later growth stages 15% 
more than moderate defoliation. Total forage DM yield, the forage DM removed added, 
decreased with increasing defoliation intensity. Similar effects of defoliation on DM 
accumulation were reported by Winter and Thompson (1990). Cultivars that had less 
DM reduction had higher root mass and higher amount of green tissue left after 
defoliation and may be higher amount of stored reserves in the culm and the root systems 
that allowed it to recover more rapidly. 
Genotype variation in biomass reduction with increasing water stress was reported 
by Donatelli et al. (1992). The reduction in DM yield from water stress occurred in part 
from accelerated leaf area senescence as was suggested by Dwyer and Stewart (1987), 
and from reduced leaf expansion rate as was reported by Donatelli et al. (1992). 
Dry matter allocated to different plant parts (leaves, stems, spikes, roots or straw) 
at anthesis and mature stages and their ratios were significantly different among barley 
cultivars (Tables 4 and 5), similar to what was found in the previous study. At anthesis. 
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Table 3. Defoliation and water stress effects on above ground dry matter production 
of four spring barley cultivars at different growth stages 
Barlis 628 Tamallalt Asni Acsad 176 
Cultivars Till* Anthes'* Mature Till Anthes Mature Till Anthes Mature Till Anthes Mature 
g pot 1 ^ 1 -g pot - -g pot - y poi 
Control - 33.3 57.6 28.5 43.0 38 .1 58. 1 - 27.1 48.2 
Moderate 1.4 30.0 47.7 0, .8 16.8 35.0 0, .8 34 .3 56, .5 1.1 21. 0 44.7 
Severe 1.7 24.3 39.5 1, .0 17.4 28.3 1, ,3 33 .1 52, .2 1.3 19, .3 36.4 
S.E. 0.1 2.3 3.3 0. 1 2.3 3.3 0, ,1 2 .3 3. .3 0.1 2. ,3 3.3 
Irrigated 1.5 32.9 53.9 0, .9 24.7 37.6 1, ,1 40 .1 59, 9 1.2 24. ,9 50.1 
Stressed 1.5 25.4 42.6 0. ,9 17.1 33.3 1, ,1 30 .3 51, ,3 1.2 20. 0 36.1 
S.E. 0.1 1.9 2.7 0. ,1 1.9 2.7 0. 1 1 .9 2. 7 0.1 1, .9 2.7 
Means 1.5 29.2 48.3 0, .9 20.9 35.5 1. 1 35 .2 55, .6 1.2 22. 5 43.1 
LSD(5%) 0.1 2.6 3.8 0. 1 2.6 3.8 0, ,1 2 .6 3, ,8 0.1 2. 6 3.8 
Till* = Tillering, the control was not harvested at tillering 
Anthes* * = Anthesis 
Irrigated = normally irrigated 
Stressed = water stressed 
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Table 4. Defoliation and water stress effects on dry matter partitioning 
of four spring barley cultivars at an thesis 
Dry matter Ratios 
Cultivar Leaves Stems Spikes Roots Leaf/spike Stem/spike Shoot/roo! 
9 pot ' 
BarI is 628 
Control 12.0 11.8 9.4 9.4 1.5 1.3 2.4 
Moderate 10.1 11.1 8.8 8.8 1.2 1.3 2.6 
Severe 9.2 7.7 7.4 7.4 1.2 1.1 2.8 
Irrigated 11.1 11.9 9.9 13.0 1.1 1.2 2.7 
Stressed 9.8 8.4 7.2 11.6 1.4 1.2 2.5 
Means 10.5 10.2 8.6 12.3 1.3 1.2 2.6 
Tamallalt 
Control 8.4 9.6 10.4 10.4 0.8 0.9 2.9 
Moderate 5.1 5.7 6.0 6.0 0.9 1.0 3.2 
Severe 5.0 5.8 6.6 6.6 0.8 1.0 2.9 
Irrigated 7.2 8.5 8.9 8.5 0.8 1.0 3.0 
Stressed 5.2 5.6 6.4 5.9 0.9 0.9 3.0 
Means 6.2 7.1 7.7 7.2 0.9 0.9 3.0 
Asni 
Control 14.7 12.8 10.6 10.6 1.9 1.3 2.0 
Moderate 13.6 11.5 9.3 9.3 1.5 1.3 2.8 
Severe 14.6 10.7 7.8 7.8 1.9 1.4 2.6 
Irrigated 14.4 14.0 11.8 21.3 1.3 1.2 2.3 
Stressed 14.2 9.3 6.8 12.9 2.3 1.5 2.6 
Means 14.3 11.7 9.3 17.1 1.8 1.4 2.5 
Acsad 176 
Control 9.9 8.2 8.9 8.9 1.3 1.0 2.1 
Moderate 7.8 7.2 6.0 6.0 1.3 1.2 2.7 
Severe 6.8 6.1 6.4 6.4 1.2 1.1 3.0 
Irrigated 8.5 8.0 8.3 9.7 1.2 1.1 2.7 
Stressed 7.8 6.3 5.9 9.6 1.4 1.1 2.5 
Means 8.2 7.2 7.1 9.7 1.3 1.1 2.6 
S.E. defoliation 1.3 1.0 0.9 2.2 0.2 0.1 0.3 
S.E. water stress 1.1 0.8 0.7 1.8 0.2 0.1 0.2 
LSD(5%) cultivars 0.1 1.1 1.0 2.5 0.3 0.2 0.3 
Irrigated = normally irrigated 
Stressed = water stressed 
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Table 5. Defoliation and water stress effects on dry matter partitioning 
of four spring barley cultivars at the mature stage 
Dry matter Ratios 
Cultivars Straw Roots Spikes Spike/shoot Shoot/root 
- - g  p o t  
Bar I is 628 
Control 29.6 12.8 15.2 0.32 3.50 
Moderate 24.5 9.4 13.8 0.35 4.10 
Severe 19.3 9.8 10.4 0.35 3.20 
Irrigated 26.5 11.5 16.0 0.37 3.81 
Stressed 22.5 9.8 10.2 0.31 3.37 
Means 24.5 10.7 13.1 0.34 3.59 
Tamallalt 
Control 21.0 8.9 13.1 0.42 4.30 
Moderate 19.1 5.7 10.2 0.40 5.30 
Severe 15.1 6.4 6.8 0.36 3.60 
Irrigated 18.9 7.5 11.2 0.38 4.08 
Stressed 17.9 6.5 8.9 0.41 4.74 
Means 18.4 7.0 10.1 0.40 4.41 
Asni 
Control 30.8 14.1 13.2 0.30 3.10 
Moderate 31.1 13.0 12.2 0.30 3.60 
Severe 28.2 13.5 10.5 0.31 2.90 
Irrigated 31.2 12.4 16.4 0.37 3.84 
Stressed 29.0 14.7 7.6 0.24 2.53 
Means 30.1 13.6 12.0 0.30 3.19 
Acsad 176 
Control 24.2 8.3 15.7 0.40 4.80 
Moderate 20.1 8.0 16.6 0.47 4.70 
Severe 20.1 6.0 10.4 0.37 5.00 
Irrigated 24.0 7.6 18.5 0.44 5.38 
Stressed 19.0 7.2 9.9 0.37 4.27 
Means 21.5 7.4 14.2 0.41 4.82 
S.E. defoliation 1.8 1.3 1.7 0.04 0.53 
S.E. water stress 1.4 1.1 1.4 0.03 0.43 
LSD(5%) cultivars 2.0 1.5 2.0 0.04 0.61 
Irrigated = normally irrigated 
Stressed = water stressed 
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Asni produced more leaves, stems, spikes, and roots than the other cultivars (Table 4). 
Asni was followed by Barlis 628. Tamallalt had a higher shoot-to-root ratio than the 
other cultivars. No significant interaction was found between defoliation and barley 
cultivars. But defoliation did reduce the amount of DM in each plant part, particularly in 
spikes and roots. The most sensitive cultivar to defoliation was Tamallalt. 
Water stress reduced DM yield of leaves, stems, spikes, and roots. Limited water 
also reduced shoot-to-root ratio of the six-row barleys, Acsad 176 and Barlis 628, 
increased leaf-to-stem ratio and did not affect the stem-to-spike ratio compared to 
normally irrigated plants (Table 4). Significant defoliation x water stress interactions 
were obtained for total dry matter partitioning. At an thesis, severe defoliation followed 
by water stress reduced DM yield of leaves, stems, spikes compared to defoliated plants 
under normal irrigation. 
At the mature stage, straw production was significantly reduced for all cultivars 
both by defoliation and water stress (Table 5). Significant cultivar x defoliation and 
cultivar x water stress interactions were found for straw production. For the first 
interaction, straw DM decreased with increasing defoliation intensity in all cultivars 
except Acsad 176. This cultivar had its DM yield reduced by the same amount by severe 
or moderate defoliations. For the second interaction, straw DM yield was reduced 
at different rates by water stress, with the highest reduction occurring in Barlis 628 and 
the lowest in Tamallalt. Root DM yield and spikes DM yield were significantly reduced 
by severe defoliation or water stress. No significant effects of defoliation or water stress 
were found on the ratios of spike-to-shoot or shoot-to-root. 
Grain yield and its components 
Total number of tillers per pot, percent fertility, harvest index, grain yield and 
grain weight showed significant differences among cultivars (Table 6). Asni produced 
more tillers per pot but had the lowest harvest index and the lowest grain weight but its 
grain yield was statistically similar to those of Barlis 628 and Tamallalt. The highest 
grain yield was obtained by Acsad 176, which had relatively high number of fertile 
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Table 6. Defoliation and water stress effects on grain yield and its 
components in four spring barley cultivars 
Cultivars Tillers Spikes FertiIi ty 
Harvest 
i ndex 
Grain 
yield 
Grain 
weight 
-tiIlers pot '- percent g pot ' mg 
Barlis 628 
Control 33.6 22.8 0.65 0.25 11.5 49.0 
Moderate 27.7 20.3 0.73 0.29 10.8 43.8 
Severe 24.5 14.2 0.64 0.37 10.6 50.0 
Irrigated 28.3 21.4 0.76 0.35 14.3 50.0 
Stressed 28.9 16.8 0.58 0.25 7.6 45.4 
Means 28.6 19.1 0.67 0.30 11.0 47.7 
Tamallalt 
Control 47.5 27.9 0.66 0.42 11.2 43.6 
Moderate 33.3 21.8 0.69 0.54 11.0 38.4 
Severe 26.5 17.3 0.66 0.58 8.6 39.1 
Irrigated 35.3 25.3 0.72 0.65 13.2 41.6 
Stressed 36.2 19.3 0.61 0.37 7.3 39.1 
Means 35.8 22.3 0.67 0.51 10.3 40.4 
Asni 
Control 48.3 28.8 0.66 0.26 11.4 38.3 
Moderate 46.6 22.9 0.58 0.25 9.9 37.0 
Severe 31.5 18.5 0.65 0.26 8.4 37.8 
Irrigated 38.1 26.9 0.78 0.31 13.7 40.6 
Stressed 46.2 19.9 0.48 0.20 6.1 34.8 
Means 42.2 23.4 0.63 0.26 9.9 37.7 
Acsad 176 
Control 45.1 32.6 0.96 0.38 13.8 50.8 
Moderate 30.2 19.8 0.68 0.48 15.6 49.8 
Severe 24.8 15.6 0.64 0.43 11.0 45.7 
Irrigated 33.1 30.0 1.03 0.49 17.7 52.1 
Stressed 33.6 15.3 0.49 0.37 9.3 45.4 
Means 33.4 22.7 0.76 0.43 13.5 48.8 
S.E. defoliation 4.6 4.3 0.18 0.08 1.3 0.3 
S.E. water stress 3.7 3.5 0.15 0.06 1.1 0.2 
LSD(5%) cultivars 5.3 5.0 0.21 0.09 1.5 0.3 
Irrigated = normally irrigated 
Stressed = water stressed 
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tillers, high harvest index, and high grain weights. These characteristics of Acsad 176 
were reported by many investigators to be closely associated with water stress tolerance 
(Singh, 1990). 
There were no interactions between cultivars and defoliation or between cultivars 
and water stress. However, both defoliation and water stress reduced grain yields of all 
cultivars mainly by decreasing tiller number as was found by Zahour et al. (1991). The 
interactions between water stress and defoliation intensity was significant for grain yield. 
Severe defoliation enhanced the negative effect of water stress on grain yield and resulted 
in a more severe grain yield loss. 
Total dry matter and grain yield relationship 
As intensity of defoliation was increased, total forage (including that removed by 
defoliation) and grain yields were progressively reduced for all cultivars, except for 
Acsad 176 (Fig. 8), which had its grain yield increased by moderate defoliation. Acsad 
176 showed its high potential for dual use because even when defoliated, it produced high 
grain yield and had relatively high forage production compared to the other 
cultivars. Asni produced more total forage when defoliated than the other cultivars; 
however, its grain yield was significantly reduced by defoliation. Tamallalt produced the 
least total forage. 
Under normal irrigation conditions, the cultivars Acsad 176, Asni, and Barlis 628 
produced both high grain and forage yields (Fig. 8). Water stress reduced both traits for 
all cultivars. Asni showed the highest potential for forage production under water stress 
compared to the other cultivar including Barlis 628, "the forage barley". 
Field experiment 
The biomass removed during defoliation was similar for all cultivars (0.6 t ha '). 
The above ground DM removed by severe defoliation was 1.1 t ha ' and by moderate 
defoliation 0.7 t ha '. 
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Plant density, leaf area index, and plant height 
Plant density varied significantly among cultivars as a result of defoliation and 
water stress. Tamallalt had the most plants per land area and Barlis 628 and Asni had 
the lowest plant densities (Table 7). The highest reduction in plant density after the 
defoliation treatments were imposed occurred in Tamallalt. The forage barley Barlis 628 
was significantly taller than the other cultivars. 
Defoliation and water stress did not reduce plant density, leaf area index (LAI), or 
plant height. These field results on LAI and plant height do not agree with those found in 
the greenhouse study and those reported in the previous chapter in this study. 
Tiller production and survival 
Cultivars differed significantly in their tillering behavior throughout the growing 
season with Tamallalt producing the most tillers (Table 8). Both of the two-row barley 
cultivars, Asni and Tamallalt, produced more tillers as the season progressed, resulting 
therefore in more tillers per unit area than during early stages of growth. Opposite to 
these cultivars, the six rowed cultivars produced fewer tillers, and some of these tillers 
died before anthesis. Both treatments, defoliation and water stress, had no significant 
effect on tiller production and survival in any cultivar. 
Dry matter accumulation and water-use efficiency 
Dry matter production at anthesis and mature stages, and total cumulated DM 
yield were significantly different among cultivars (Table 9). The six-row barleys, Barlis 
628 and Acsad 176, produced more DM than the two-rowed cultivars at anthesis. But 
DM production at the mature stage and the total cumulated DM were similar for Barlis 
628, Acsad 176, and Asni produced more than 14 t h ' or more. 
Water use efficiency was significantly higher for the six-row barley cultivars, 
Barlis 628 and Acsad 176. Dry matter accumulation was not significantly affected by 
defoliation or water stress as it was for the greenhouse experiment. But WUE was 
130 
Table 7. Defoliation and water stress effects on plant density, leaf area index 
(LAI) and plant height of four spring barley cultivars 
Cultivar 
Density 
2 Dec. 1992 7 Jan. 1993 LAI Height 
—Plants m'"'— 
Barlis 628 
Control 
Moderate 
Severe 
Irrigated* 
Stressed"*" 
251 
270 
237 
258 
247 
238 
240 
257 
247 
242 
3 . 6 
3 . 9 
3 . 5 
4 . 3 
3 . 1 
cm 
91 
82 
78 
89 
77 
Means 253 245 3 . 7 83 
Tamallalt 
Control 419 
Moderate 4 51 
Severe 4 61 
Irrigated 456 
Stressed 4 32 
351 
398 
372 
367 
380 
4 
3 
3 
4 
3 
1 
5 
2 
2 
0 
74 
69 
67 
74 
66 
Means 444 374 3 . 6 70 
Asni 
Control 2 29 
Moderate 2 44 
Severe 242 
Irrigated 242 
Stressed 235 
238 
255 
256 
261 
238 
3 
4 
4, 
4 , 
3 
71 
71 
65 
72 
67 
Means 238 250 4.0 69 
Acsad 176 
Control 3 20 
Moderate 3 42 
Severe 3 08 
Irrigated 3 22 
Stressed 3 24 
278 
278 
287 
281 
280 
3 
3 
3 
4 
2 
6 
4 
9 
4 
8 
74 
71 
65 
73 
66 
Means 323 281 3 . 6 70 
S.E. defoliation 12 
S.E. water stress 10 
LSD(5%) cultivars 20 
15 
12 
25 
1.4 
1. 1 
2 . 2 
2 
1 
3 
Irrigated* = normally irrigated; Stressed** = water stressed 
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Table 8. Defoliation and water stress effects on live tiller production of four spring 
barley cultivars at four stages of maturity 
Cultivar Tillering 
Barlis 628 
Control 726 
Moderate 724 
Severe 658 
Irrigated* 705 
Stressed** 700 
Means 703 
Tamallalt 
Control 1059 
Moderate 1076 
Severe 1086 
Irrigated 1122 
Stressed 1025 
Means 1074 
Asni 
Control 595 
Moderate 7 53 
Severe 647 
Irrigated 694 
Stressed 636 
Means 665 
Acsad 176 
Control 856 
Moderate 934 
Severe 7 51 
Irrigated 879 
Stressed 815 
Means 847 
S.E. defoliation 55 
S.E. water stress 45 
LSD(5%) cultivars 90 
Elongation Anthesis Mature 
— tillers m'"' 
830 745 635 
802 798 636 
840 729 712 
842 764 721 
806 750 601 
824 757 661 
1226 1283 1341 
1226 1368 1221 
1258 1310 1304 
1230 1354 1364 
1243 1287 1213 
1237 1320 1289 
853 987 1132 
873 1112 1198 
872 1084 1100 
925 1094 1199 
807 1027 1087 
866 1061 1143 
850 852 911 
834 893 853 
872 764 865 
893 841 924 
810 832 829 
852 836 876 
47 46 59 
39 38 48 
78 76 96 
Irrigated* = normally irrigated 
Stressed** = water stressed 
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Table 9. Defoliation and water stress effects on water use efficiency (WUE) and 
dry matter production of four spring barley cultivars at different growth 
stages 
Cultivar Tillering Elongation Anthesis Mature Total' WUE' 
t DM ha" 
Barlis 628 
Control - 2.7 12.7 15.7 15.7 61.1 
Moderate 0.8 2.6 11.6 13.0 13.8 53.7 
Severe 1.1 2.0 11.0 13.3 14.4 56.0 
Irrigated 0.9 2.5 13.5 15.0 15.9 56.5 
Stressed 0.9 2.3 10.1 12.5 13.4 57.3 
Means 0.9 2.4 11.8 14.0 14.7 56.9 
Tamallalt 
Control - 2.4 11.4 12.2 12.2 47.5 
Moderate 0.9 2.3 10.3 11.8 12.7 49.4 
Severe 1.0 1.6 9.6 11.1 12.1 47.1 
Irrigated 1.1 2.5 11.7 12.3 13.4 45.4 
Stressed 0.8 1.6 9.1 11.2 12.0 50.6 
Means 1.0 2.1 10.4 11.7 12.7 48.0 
Asni 
Control - 2.0 10.3 13.0 13.0 50.6 
Moderate 0.5 1.6 10.6 13.8 14.3 55.6 
Severe 1.1 1.5 9.5 12 .1 14.4 39.7 
Irrigated 0.9 1.8 12.0 13.5 14.4 41.5 
Stressed 0.8 1.5 8.2 12.4 13.2 55. 7 
Means 0.9 1.7 10.1 13.0 13.9 48.6 
Acsad 176 
Control - 2.6 12.6 15.9 15.9 61.9 
Moderate 0.6 1.6 11.2 13.5 14.1 54.9 
Severe 1.1 1.7 10.7 12.5 13.6 52.9 
Irrigated 1.1 2.4 12.6 14.1 15.2 51.4 
Stressed 0.8 1.6 10.4 13.8 14.6 61.6 
Means 1.0 2.0 11.5 14.0 15.0 56.5 
S.E. defoliation 0.1 0.2 1.2 1.1 1.4 5.4 
S.E. water stress 0.1 0.2 1.0 1.1 0.9 3.5 
LSD(5%) cultivars 0.2 0.4 0.4 1.6 1.7 6.6 
Total* = Total forage DM including the material removed at defoliation 
WUE++ = g DM per mm water applied 
Irrigated = normally irrigated 
Stressed = water stressed 
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generally reduced by defoliation, particularly for the six-row barleys. Opposite to 
defoliation, water stress increased water use efficiency but this was probably due to 
increased deep percolation in the normal irrigation plots as suggested by the data of 
Hattendorf et al.(1988). They showed in their data on alfalfa (Medicago sativa L.) that 
the increase in DM production is proportional to the increase of the amount of water 
used. 
Grain yield and its components 
Cultivars differed for lodging scores, yield components except harvest index, and 
grain yield. The highest grain yield was obtained by Acsad 176, followed in order by 
Tamallalt, Asni, and Barlis 628. Barlis 628 produced the lowest grain yield but had the 
highest grain weight (Table 10). 
Lodging was significantly reduced by defoliation but it was not eliminated, 
especially in Barlis 628 (Table 10). Asni was the most resistant to lodging because of its 
shorter plant height and the strength of its straw. Barlis 628 was the most sensitive to 
lodging because of its tall, weak straw. 
Defoliation significantly improved harvest indices of all cultivars. It did not 
significantly reduce grain yield, and, in fact, severe defoliation significantly increased 
grain yield of Acsad 176 because of reduced lodging. 
Water stress reduced grain yields, reduced lodging, and improved percent fertility 
of all cultivars. Significant interactions between cultivars and water stress were found for 
lodging scores and grain size (Table 10). Lodging was reduced for all cultivars except 
Asni which was lodging-resistent even under normal irrigation. Grain weight was 
increased for Barlis 628 but reduced for the other three cultivars as result of water stress. 
Dry matter grain yield relationship 
Under field conditions, Acsad 176 confirmed its high potential for both grazing 
and grain production (Fig. 9). It produced the highest grain yields for all defoliation 
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Table 10. Defoliation and water stress effects on lodging, yield components and grain 
yield of four spring barley cultivars 
Percent Harvest Grain Grain 
Cultivar Lodging Tillers Spikes fertility index weight yield 
no. m- no. m'- % -mg- t ha 
Barlis 628 
Control 2.5 635 558 88 0.29 48.2 4.4 
Moderate 3.5 636 561 88 0.34 46. 5 4.2 
Severe 3.5 712 577 81 0.33 47.3 4.3 
Irrigated 2.3 721 598 83 0.33 46.7 5.0 
Stressed 4.1 601 533 89 0.30 48.0 3.7 
Means 3.2 661 565 86 0.32 47.3 4.3 
Tamallalt 
Control 3.6 1341 1041 78 0.28 34.0 5.1 
Moderate 4.1 1221 978 80 0.40 32.6 5.2 
Severe 4.1 1304 1028 79 0.36 32.8 5.0 
Irrigated 3.0 1364 1011 74 0.38 34.0 6.0 
Stressed 4.9 1213 1020 84 0.32 32.2 4.2 
Means 4.0 1289 1016 79 0. 35 33. 1 5.1 
Asni 
Control 5.0 1132 905 80 0.36 35.0 5.0 
Moderate 5.0 1198 875 73 0.34 33.4 4.9 
Severe 5.0 1100 929 84 0.39 33.9 5.1 
Irrigated 5.0 1199 865 72 0.36 35.6 5.9 
Stressed 5.0 1087 941 87 0.37 32.6 4.1 
Means 5.0 1143 903 79 0.37 34.1 5.0 
Acsad 176 
Control 3.9 911 725 80 0.31 35.4 5.3 
Moderate 4.1 853 716 84 0.39 36.2 5.3 
Severe 5.0 865 664 77 0.40 35.1 5. 6 
Irrigated 3.8 924 701 76 0.39 36.2 6.1 
Stressed 4.9 829 702 85 0.34 34.9 4.7 
Means 4.3 876 702 80 0.37 35.6 5.4 
S.E.defoliation 0.2 59 57 2 0.03 0.9 0.2 
S.E.water stress 0.1 48 47 3 0.02 0.7 0.2 
LSD(5%)Cultivars 0.3 96 9 4  4 0.05 1.4 0.3 
Lodging scores as 1 = all lodged 5 = no lodging 
Irrigated = normally irrigated 
Stressed = water stressed 
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treatments. The grain yield of this cultivar was increased because of reduced lodging 
bysevere defoliation, but the total forage and straw production were significantly reduced 
after defoliation. Barlis 628 produced the least grain. Defoliation significantly reduced 
the total forage production of this cultivar. When compared to "the forage barley", the 
two-row barley cultivars Asni and Tamallalt demonstrated their potential for dual purpose 
by producing higher grain yields under the field conditions. However, the cultivar 
Tamallalt always produced the least forage. 
Grain yield of Acsad 176, Asni, and Tamallalt were reduced more by water stress 
than was their total forage yield (Fig. 9). Under water limited conditions, Acsad 176 
produced significantly higher grain and forage yields than the other cultivars, confirming 
again those results reported previously in this work. Tamallalt produced the least forage 
and Barlis 628 produced the least grain under water-deficit conditions. 
CONCLUSIONS 
Barley cultivars differed in their physiological traits (photosynthesis, stomatal 
conductivity, osmotic adjustment and DM partitioning), and their agronomic traits (tiller 
production and survival capacities, root development, and forage and grain yields). 
These characters caused plant response differences to defoliation and water stress. Water 
stress reduced both total forage and grain yields of all cultivars. Defoliation generally 
reduced total forage production and grain yield of low and medium grain yielding 
cultivars. But for cultivars that tended to lodge, harvestable grain yield was increased by 
defoliation of these weak-straw barley cultivars. Significant defoliation x water stress 
interactions were obtained for total dry matter partitioning. At anthesis, severe 
defoliation followed by water stress reduced DM yield of leaves, stems, spikes compared 
to defoliated plants under normal irrigation. The interactions between water stress and 
defoliation intensity also was significant for grain yield. Severe defoliation enhanced the 
negative effect of water stress on grain yield and resulted in a more severe grain yield 
loss. It can be concluded from this study that the cultivar Acsad 176 has high potential 
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for dual use under the rain-fed conditions of the semi-arid areas. The plant characters 
allowing this cultivar to have this potential are its high tiller production and survival, 
well-developed root systems; its high percent of fertile tillers, high grain and medium 
forage yields, high photosynthesis, and osmotic adjustment, and high harvest index. 
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DEFOLIATION AND WATER STRESS EFFECTS ON FORAGE QUALITY 
OF SPRING BARLEY 
A paper to be submitted to The Agronomy Journal 
E. El-Mzouri and D. R. Buxton 
ABSTRACT 
Most barley (Hordeum vulgare L.) used for both early grazing and subsequent 
grain yield is grown in low rainfall areas. Information on how limited water supply 
affects forage quality characteristics of barley plants subject to defoliation is needed. The 
objectives of this study were to investigate the effect of water stress and defoliation on 
forage quality of spring barley and to relate this changes to some morphological and 
physiological traits. Four barley cultivars known to differ in response to grazing and 
drought were subject to two water supply levels and three defoliation intensities in a 
greenhouse experiment. Forage dry matter (DM) harvested at three growth stages 
(tillering, anthesis, and mature stages) was oven dried and analyzed for forage quality 
characteristics. Cell solubles, hemicellulose, lignin, and in vitro digestible dry matter 
(IVDDM) in straw were similar for all cultivars (376, 238, 49, and 641 g kg ' DM, 
respectively). Straw of the six-row barleys contained 11 % more crude protein (CP) than 
the two-row cultivars. Cellulose concentration was highest in straw of Tamallalt (388 g 
kg ' DM). Defoliation improved the forage quality at early growth stages. Water stress 
maintained 55% CP, 2% IVDDM, and 6% cell solubles concentrations higher than in 
straw of nonstressed plants than in plants of stressed plants. IVDDM and CP 
concentration in straw were positively correlated with the leaf-to-stem ratio, forage yield, 
and turgor pressure, but negatively related to grain yield. Forage yield, turgor pressure 
and grain yield were negatively related with cell wall components of straw. It was 
concluded that forage quality was improved after defoliation and water stress, and that 
high DM yielding cultivars have higher N concentration in straw but low grain yield 
under water stress conditions. 
141 
INTRODUCTION 
Most barley used for both grazing and grain is grown in low rainfall areas. 
Information on how limited water supply affects forage quality characteristics of barley 
plants subject to defoliation by grazing at early stages of growth is needed. Some 
investigators reported that water stress had inconsistent effects on forage quality 
(Garwood et al., 1979), decreased forage quality (Rascio et al., 1990), or increased 
forage quality (Buxton and Fales, 1994). 
Water stress generally has smaller effects on forage quality than on plant growth 
and most of the effects on forage quality are positive primarily because of the delay in 
maturity that is caused by water stress (Buxton and Fales, 1994). Halim et al. (1989), 
however, found in alfalfa (Medicago sativa L.) that the effect of water stress on herbage 
quality was generally significant even after accounting for differences in plant maturity. 
They also reported that water stress increased the leaf-to-stem ratio by 18% and increased 
digestibility by 8% for stems and less for leaves. 
However, stress that causes a reduction in leaf mass relative to stem mass may 
decrease herbage quality because of the high nutritive value of leaves (Buxton and Fales, 
1994; Buxton and Casier, 1993). High growth temperatures that concurrently occur with 
water stress may accelerate rate of maturation and lignification and decrease forage 
quality (Wilson et al., 1991). Halim et al. (1989) found that neutral detergent fiber 
(NDF) concentration of both leaves and stem of alfalfa decreased with increasing water 
stress. Buxton and Fales (1994) indicated that the amount of carbon (C) incorporated 
into cell-walls decreased during water stress and that much of the limited C fixed during 
water stress may be used to support higher levels of soluble sugars and ions during 
osmotic adjustment and may not be available for cell-wall development. 
Water stress markedly increased cellulose and lignin concentrations relative to that 
of hemicellulose in a study by Wilson (1983). Opposite results were reported by Rascio 
et al. (1990) in that they found that cellulose concentrations decreased relative 
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hemicellulose concentration as a result of water stress. They also found that NDF 
concentration in total herbage declined with increasing water stress. 
Reports of the effects of drought on nitrogen (N) concentrations of forages have 
been contradictory. Walgenbach et ai. (1981) reported increases in herbage N as a result 
of drought, whereas Pittman et al. (1983) reported decreases in N concentrations. Carter 
and Sheaffer (1983) reported no effect of water stress on total herbage N concentrations. 
Halim et al. (1989a) found that water stress had contradictory effects on stem N and leaf 
N. It increased N concentration in stems and decreased it in leaves. 
Halim et al. (1989a) reported that water stress generally results in increased 
digestibility, and lowered cell-wall and lignin concentrations. This was attributed to the 
fact that water stress slows plant growth and development and caused herbage quality to 
be maintained at a high level for a longer time (Van Soest, 1982). Halim et al. (1989) 
found that the increase in IVDMD under water stress treatment was largely accounted for 
by delayed plant maturity. A study conducted by Halim et al. (1990), indicated that 
IVDDM in stem bases increased with stress, but leaf IVDDM did not. While water 
stress may reduce cell-wall concentration of herbage, there is no evidence that it alters 
cell-wall digestibility (Deetz et ai., 1991). 
Studies on both defoliation and water-stress effects on forage quality 
characteristics of spring barley and the relationship among grain and forage yields and 
these quality characteristics are lacking. Based on these considerations the objectives of 
this study were (i) to investigate the effect of water stress and defoliation on forage 
quality characteristics of cultivars of spring barley and (ii) to relate changes in forage 
quality that occurs under water stress to grain yield and leaf-to-stem ratios. 
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MATERIALS AND METHODS 
Four spring barley cultivars were grown in two similar greenhouse studies in pots 
containing a 2:1 soil:sand mixture. The same barley cultivars used in the previous study 
were investigated for their growth and quality responses to water deficit and defoliation 
treatments. Plant characteristics of these cultivars are described in the materials and 
methods of the first paper. 
Pots were over-planted (9 to 12 plants per pot) and then thinned to six plants per 
pot at the two-leaf stage. Vermiculite was top-dressed in each pot to minimize water loss 
through evaporation. Initially, pots were weighed every 3 to 4 d and water was added to 
bring the initial soil moisture in each pot to field capacity. At the beginning of stem 
elongation stage, water was withheld progressively from the water stressed treatment for 
periods varying from 4 to 8 d after each irrigation. 
The first experiment was started 12 Mar. 1991 and terminated 4 June 1991. The 
second was started 15 July 1991 and terminated 3 Nov. 1991. The temperature averaged 
28°C with a minimum of 19°C and a maximum of 39°C for the first experiment. It 
averaged 27°C with a minimum of 19°C and a maximum of 38°C for the second. Each 
experiment was provided short days (9 h) for the first 60 d. After this the daylength was 
progressively increased to 15 h by the seed-filling period. A large black dark plastic 
cover and additional lighting were used to control the photoperiod. 
The defoliation treatment consisted of (i) a nondefoliated control, (ii) a 10-cm 
cutting height (moderate defoliation), and (iii) a 5-cm cutting height (severe defoliation). 
These treatments were applied at the mid jointing stage. Water deficit treatments 
included an optimally irrigated control and the water stress treatment already described. 
The experiment design was a split-split-plot with three replicates. The water 
supply treatment was applied to the main plots and defoliation treatments were applied to 
sub-plots that contained the four cultivars. 
Cell-wall concentration was estimated from neutral detergent fibers (NDF) 
analysis by the method of Goering and Van Soest (1970) and Van Soest and Robertson 
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(1980). Two milliliters of alpha-amylase (Sigma No. A-3051, St. Louis, MO) solution 
were added after boiling the neutral detergent solution for 30 min. Sample size was 
about 1.0 g. Samples were analyzed in duplicate. The same samples were used 
sequentially for estimation of acid detergent fiber (ADF). Acid detergent lignin (ADL) 
was determined by immersing the dried residue from the ADF step with crucibles into 
72% sulfuric acid as described by Goering and Van Soest (1970). The remaining residue 
was ashed in 550 "C temperature for 4 h. The weight of lignin was obtained by 
subtracting the ash component from the residue. Hemicellulose concentration was 
estimated as the difference between the NDF and ADF concentrations and cellulose was 
estimated by subtracting lignin and ash components from ADF. 
Crude protein (CP) concentration was determined by the semimicroKjeldahl 
method described by Bremner and Breitenbek (1983). About 0.1 g of ground sample was 
analyzed in duplicate for total N. The results were expressed as CP concentration by 
multiplying total N by 6.25. In vitro digestible dry matter (IVDDM) was determined by 
the NC-64 direct acidification method as described by Marten and Barnes (1980). 
Samples of 0.25 g each were analyzed in duplicate. 
Statistical analysis was undertaken using the Analysis of Variance Procedure of 
Statistical Analysis System (SAS. Institute, Inc., 1985). Mean separation was performed 
using the least significant difference (LSD 5%) where F tests were found significant. 
The two experiments generally produced similar results and data are presented averaged 
over experiments. 
RESULTS AND DISCUSSIONS 
Defoliation Effects on Forage Quality Characteristics 
Averaged over cultivars and experiments and defoliation treatments, the biomass 
removed was 1.2 g DM pot '. Severe defoliation removed 75% more above ground DM 
than moderate defoliation. 
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Tillering stage 
Cultivar variation existed for most forage quality characteristics at the tillering 
stage (Table I). Barlis 628 had a significantly higher CP concentration and Acsad 176 
had a significantly lower CP concentration than the other cultivars. Highest IVDDM was 
observed for Tamallalt. Tamallalt contained a significantly higher NDF concentration 
than other cultivars at this stage. Cultivar x intensity of defoliation interactions were 
found for CP, IVDDM, and cell-wall constituents concentrations. Compared to moderate 
defoliation, severe defoliation increased CP and hemicellulose concentrations of Acsad 
176. It also significantly increased cell-solubles concentration of all cultivars but that of 
Tamallalt, and it reduced cellulose concentration of all cultivars but that of Tamallalt. 
These results demonstrate the high forage quality of barley at the tillering stage, 
which coincides with its period of greatest use for grazing. Concentrations of CP, cell-
solubles, and IVDDM in the forage are high and meet the nutritional needs of the grazing 
livestock (Hadjichristodoulou, 1990; 1991). Similar to those findings reported In the 
second paper of this work, defoliation generally improved forage quality at tillering 
because of the new leaves' regrowth that contained more cell-solubles and CP and less 
NDF concentrations than the older leaves. 
Anthesis stage 
Except for Asni, which had significantly lower cell-solubles concentration than the 
other cultivars and Tamallalt that had the lowest cellulose concentration, all the other 
quality traits were statistically similar for all cultivars at the anthesis stage (Table 2). 
Defoliation affected the quality characters of barley cultivars differently. The 
two-row barleys, Tamallalt and Asni, were affected more than the six-row genotypes but 
with no consistent effects of defoliation treatments. In Tamallalt, IVDDM was decreased 
and concentrations of cellulose and lignin were increased by severe defoliation. In Asni, 
moderate defoliation increased IVDDM, but severe defoliation decreased cell solubles 
and increased cellulose and lignin concentrations. 
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Table 1. Defoliation effects on forage quality characteristics at the tillering 
stage of four spring barley cultivars 
Cultivar Treatment CP IVDMD Cellso Hemice Cellul Lignin 
g Kg -
Barlis 628 Control - - — — — — 
Moderate 317 766 686 136 149 273 
Severe 314 766 699 138 139 241 
Mean 315 766 692 137 144 257 
Tamallalt 
Control - - - - - -
Moderate 298 774 657 156 159 270 
Severe 300 765 651 161 159 273 
Mean 299 770 654 158 159 271 
Asni 
Control - - - - - -
Moderate 297 762 679 148 140 340 
Severe 297 744 705 140 126 288 
Mean 297 753 692 144 133 314 
Acsad 176 
Control - - - - - -
Moderate 282 759 670 145 161 244 
Severe 294 759 701 138 145 234 
Mean 288 759 686 141 153 239 
S.E. defoliation 6 7 8 33 6 3 
LSD(5%) Cultivar 7 8 9 38 7 3 
CP = crude proteins IVDMD = in vitro digestible dry matter 
Cellso = cell-solubles Cellul = cellulose 
Hemice = hemicellulose 
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Table 2. Defoliation effects on forage quality characteristics at anthesis stage of four 
spring barley cultivars 
Cultivar Treatment CP IVDMD Cellso Hemice Cellul Lignin 
Barlis 628 
Tamallalt 
Asni 
Acsad 176 
y Ky 
Control 133 718 473 221 269 35 
Moderate 118 717 476 222 262 38 
Severe 120 723 486 221 259 32 
Mean 123 719 478 221 263 35 
Control 131 724 519 220 226 34 
Moderate 146 725 459 225 274 30 
Severe 149 708 491 223 244 41 
Mean 142 719 489 226 248 35 
Control 134 703 459 221 276 32 
Moderate 130 731 455 231 273 39 
Severe 192 700 429 241 288 40 
Mean 152 712 448 231 279 41 
Control 153 722 471 229 262 37 
Moderate 159 728 471 222 263 42 
Severe 154 722 458 209 291 40 
Mean 155 724 467 220  272 40 
S.E. defoliation 
LSD(5%) cultivar 
28 
32 
9 
11 
16 
18 
10 
11 
12 
14 
CP = crude proteins 
Cellso = cell-solubles 
Hemice = hemicellulose 
IVDMD = in vitro digestible dry matter 
Cellul = cellulose 
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The positive effects of defoliation on forage quality that were presented during 
tillering tended to disappear with advancing maturity. The decline in forage quality after 
defoliation of the two-row barleys, Asni and Tamallalt, were associated mainly with their 
higher stem proportions and, therefore, higher cell-wall concentrations. 
Mature stage 
The cell-solubles, IVDDM, hemicellulose, and lignin concentrations were 
statistically similar for all cultivars at the mature stage (Table 3). Straw of the six-row 
barleys, Barlis 628 and Acsad 176, contained significantly higher CP concentration than 
the two-row genotypes, Asni and Tamallalt. Cellulose concentration was significantly 
higher in Acsad 176 and lowest in Tamallalt and Barlis 628. Straw quality of Tamallalt 
was improved by defoliation; concentrations of CP and IVDDM were significantly 
increased and those of NDF significantly decreased by severe defoliation. Defoliation 
also increased IVDDM of Asni but reduced IVDDM and cell-solubles concentration of 
Acsad 176. Overall, defoliation tended to improve the quality of straw either through a 
substantial increase in CP concentration or through an increase in IVDDM. 
Water Stress Effects on Forage Quality Characteristics 
Water stress reduced the above ground biomass by 20% and grain yield by 49% 
compared to normally irrigated plants. 
Crude protein concentration 
Concentration of crude protein in barley subject to water stress was generally 
increased compared to the non stressed control (Table 4). As maturity advanced, the 
differences in CP concentration between the two water supply treatments increased. 
These concentrations were nearly three times greater in straw of stressed plants of the 
"forage barley" Barlis 628, and two times greater in that of the "grain only barley" Acsad 
176. The CP concentration decreased linearly with forage age (Table 5). Rates of 
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Table 3. Defoliation effects on forage quality characteristics at the mature stage of 
four spring barley cultivars 
Cultivar Treatment CP IVDMD Cellso Hemice Cellul Lignin 
g kg" 
Barils 628 
Control 81 634 369 247 332 51 
Moderate 78 630 381 232 339 46 
Severe 84 639 386 242 318 53 
Mean 81 634 379 240 329 50 
Tamallalt 
Control 67 638 372 243 330 53 
Moderate 70 649 392 235 322 49 
Severe 80 657 399 227 325 48 
Mean 72 648 388 235 326 50 
Asni 
Control 67 626 375 230 346 47 
Moderate 70 641 361 248 344 44 
Severe 70 642 369 243 342 44 
Mean 69 636 368 240 344 45 
Acsad 176 
Control 78 661 386 230 339 44 
Moderate 75 631 371 230 347 51 
Severe 80 619 350 242 355 51 
Mean 78 637 369 234 347 48 
S.E. defoliation 5 11 14 10 13 4 
LSD(5%) cultivar 5 12 16 12 14 4 
CP = crude proteins IVDMD = in vitro digestible dry matter 
Cellso = cell-solubles Cellul = cellulose 
Hemice = hemicellulose 
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Table 4. Water-deficit effects on crude protein concentration of four 
spring barley cultivar at different growth stages 
Cultivar Treatment Tillering Anthesis Mature 
Barlis 628 
Control* 
Stressed** 
301 
329 
g kg ' -
101 
146 
42 
120 
Tamallalt 
Control 
Stressed 
304 
294 
134 
150 
37 
108 
Asni 
Control 
Stressed 
303 
291 
147 
158 
36 
101 
Acsad 176 
Control 
Stressed 
292 
285 
133 
177 
46 
106 
S.E. 10 
Control* = normal irrigation 
Stressed** = stressed irrigation 
Table 5. Prediction of crude protein concentration of four spring 
barley cultivars as influenced by water stress 
Cultivar Treatment Model 
Barlis 628 
Control* 
Stressed'' 
y = 403.3 - 3.6X 0.88** 
Y = 388.7 - 2.3X 0.91** 
Tamallalt 
Control 
Stressed 
396.6 
352.3 
3.2X 
2. IX 
0.90** 
0.83** 
Asni 
Control 
Stressed 
Y 
Y 
434.0 
370.7 
3.2X 
1.9X 
0 . 8 2 * *  
0.81** 
Acsad 176 
Control 
Stressed 
Y 
Y 
376.3 
348.6 
OX 
IX 
0.80** 
0.93** 
n = 48 
X = Days after emergence. 
Y = Crude protein concentration between tillering and mature 
stages. 
* = significant at p=0.05; ** = significant at p=0.01 
Control* = normal irrigation 
Stressed** = stressed irrigation 
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decrease were remarkably reduced by water stress treatments. For the control, the 
decline averaged 3.2 g CP kg ' DM d ' and the control averaged 2.1 g CP kg"' d '. 
Increase in CP concentration as a result of water-deficit treatments was also 
reported by Walgenbagh et al. (1981). This increase in concentrations of N was mainly 
due to slowing of plant growth and development and reduced carbohydrates synthesis 
under water stress. Under normally watered conditions, more growth occurred and, 
consequently, N was diluted by the increased accumulated dry matter. 
In vitro digestible dry matter 
Water stress applied to barley plants after the tillering stage often influenced 
forage IVDDM (Table 6) at anthesis and mature stages of development. Water-deficit 
usually slowed the decrease in IVDDM with advancing age of the barley plants. This is 
shown by the remarkable reductions in the rates of linear decreases in IVDDM between 
tillering and mature stages (Table 7). The rate of decline averaged 1.7 g kg ' d ' for the 
control plants compared 0.8 g kg'd ' for the stressed plants. Similar to results reported 
by (Halim et al., 1989) on alfalfa, forage digestibility of barley was maintained at higher 
levels with water stress than without even when data were adjusted for maturity in their 
study. 
Cell solubles concentration 
Water deficit stress significantly increased cell solubles concentration, especially at 
the later harvest stages (Table 8) and it slowed the rate of decline of cell-solubles 
concentration with age (Table 9) in the same manner as it did for IVDDM (Table 7). 
Therefore, water stress reduced the rates of NDF-accumulation in herbage of barley 
cultivars used in this study and as consequence maintained higher IVDDM and forage 
quality. 
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Table 6. Water-deficit effects on in vitro digestible dry matter 
concentration of four spring barley cultivars at different 
growth stages 
Cultivar Treatment Tillering Anthesis 
g kg ' 
722 
717 
Mature 
Barlis 628 
Control+ 
Stressed^* 
777 
754 
621 
648 
Tamallalt 
Asni 
Acsad 176 
Control 
Stressed 
Control 
Stressed 
Control 
Stressed 
774 
765 
749 
757 
762 
756 
716 
722 
706 
717 
725 
723 
632 
663 
606 
667 
633 
642 
S.E. 
Control^ = normal irrigation 
Stressed^* = stressed irrigation 
Table 7. Prediction of in vitro digestible dry matter of four spring 
barley cultivars as influenced by water stress 
Cultivar Treatment Model r-
Barlis 628 
Control 
Stressed' 
Y = 845.9 - 1.9X 0.74** 
Y = 792.8 - l.OX 0.74** 
Tamallalt 
Asni 
Acsad 176 
Control 
Stressed 
Control 
Stressed 
Control 
Stressed 
Y 
Y 
Y 
Y 
831.0 
8 0 2 . 1  
824.3 
796.5 
8 1 8 . 6  
803.9 
7X 
OX 
6X 
,9X 
5X 
3X 
0.92** 
0.82** 
0.68** 
0.78** 
0.78** 
0.73** 
n = 48 
X = Days after emergence. 
y = IVDDM between tillering and mature stages. 
* = significant at p=0.05; * * = significant at p=0.01 
Control*= normal irrigation 
Stressed*^ = stressed irrigation 
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Table 8. Water-deficit effects on cell solubles concentration of four 
spring barley cultivars at different growth stages 
Cultivar Treatment Tillering Anthesis Mature 
Barlis 528 
Tamallalt 
Asni 
Acsad 176 
Control* 
Stressed** 
Control 
Stressed 
Control 
Stressed 
Control 
Stressed 
693 
692 
662 
646 
690 
694 
689 
682 
g kg^ 
486 
470 
497 
482 
435 
460 
472 
462 
362 
395 
377 
398 
343 
394 
336 
402 
S.E. 
Control+ = normal irrigation 
Stressed++ = stressed irrigation 
Table 9. Prediction of cell solubles concentration of four spring 
barley cultivars as influenced by water stress 
Cultivar Treatment Model r-
Barlis 628 
Control * 
Stressed^ 
Y = 828.C - 4.4X 0.79** 
Y = 781.6 - 3.IX 0.81** 
Tamallalt 
Control 
Stressed 
Y 
Y 
765. 
727. 
3.4X 
2.7X 
0.86** 
0.82** 
Asni 
Control 
Stressed 
Y 
Y 
854. 
819. 
4.4X 
3.2X 
0.85** 
0.92** 
Acsad 176 
Control 
Stressed 
Y = 813.8 - 4.2X 0.92** 
Y = 772.8 + 3.4X 0.93** 
n = 48 
X = Days after emergence. 
Y = Cell solubles concentration between tillering and mature 
stages. 
* = significant at p=0.05; ** = significant at p=0.01 
Control* = normal irrigation 
Stressed** = stressed irrigation 
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Cell-wall constituents concentrations 
Concentration of hemicellulose in green forage or straw were not affected by 
water stress treatments (Table 10). Accumulation of this cell-wall component was 
curvilinear (Table 11). Rates of accumulation were not affected by water deficit 
treatments. 
Cellulose concentration was significantly reduced by water deficit treatments 
(Table 12). Cellulose concentration increased linearly with advancing plant maturity 
(Table 13). Rates of accumulation of this fiber component were reduced dramatically by 
water stress leading therefore to significant differences between the water supply 
treatments. 
Similar to the other cell-wall components, water deficit reduced the rate of lignin 
accumulation and lignin concentration (Tables 14 and 15). That water stress decreased 
cellulose and lignin concentrations and had little effect on hemicellulose concentration is 
in agreement with data reported for alfalfa by Halim et al. (1989a). These findings are at 
variance with those of Wilson (1983), and Rascio et al. (1990), who indicated that water 
stress increased cellulose and lignin and reduced hemicellulose concentration in forages. 
Relationships between Forage Quality and Physiological Traits 
Overall correlation 
Averaged over treatments and experiments, results on the relationship of leaf-to-
stem ratio with forage quality characteristics showed positive relations with CP 
concentration and IVDDM at the mature stage (Table 16). Grain yield was negatively 
related to hemicellulose concentration at anthesis and to IVDDM and CP at the mature 
stage. Forage DM yield was negatively related to hemicellulose concentration at anthesis 
and cellulose concentration at the mature stage, but positively related to IVDDM at 
anthesis and CP concentration at the mature stage. Turgor pressure, an indicator of 
osmotic adjustment ability possessed by a plant tissue, had significant negative relations 
with the cell wall components cellulose and lignin concentration at the mature stage. 
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Table 10. Water-deficit effects on hemicellulose concentrations of 
four spring barley cultivars at different growth stages 
Cultxvar Treatment Tillering Anthesis Mature 
Barlis 628 
Control* 
Stressed*^ 
139 
135 
g kg-' 
215 
227 
235 
246 
Tamallalt 
Control 
Stressed 
161 
156 
217 
235 
237 
232 
Asni 
Control 
Stressed 
145 
143 
229 
233 
240 
241 
Acsad 176 
Control 
Stressed 
146 
136 
214 
226 
242 
225 
S.E. 14 10 
Control^ = 
Stressed** 
normal irrigation 
= stressed irrigation 
Table 11. Prediction of hemicellulose concentration of four spring 
barley cultivars as influenced by water stress 
Cultivar Treatment Model 
Barlis 628 
Control* 
Stressed^ 
Y = 268.3 - 3.9/X 0.89** 
Y = 276.0 - 4.2/X 0.79** 
Tamallalt 
Control 
Stressed 
Y 
Y 
260.6 
263.9 
3.0/X 
3.2/X 
0.89** 
0.97** 
Asni 
Control 
Stressed 
Y 
Y 
2 8 8 .  
2 8 2 .  
5.7/X 
5.6/X 
0.91** 
0.83** 
Acsad 176 
Control 
Stressed 
Y 
Y 
276, 
265, 
4.4/X 
3.9/X 
0.88** 
0.86** 
n = 48 
X = Days after emergence. 
Y = Hemicellulose concentration between tillering and mature 
stages. 
* = significant at p=0.05; ** = significant at p=0.01 
Control* = normal irrigation 
Stressed** = stressed irrigation 
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Table 12. Water-deficit effects on cellulose concentrations of four 
spring barley cultivars at different growth stages 
Cultivar Treatment Tillering Anthesis Mature 
Barils 628 
Control^ 
Stressed^ 
141 
146 
g kg ' 
265 
262 
347 
312 
Tamallalt 
Control 
Stressed 
150 
168 
248 
248 
329 
323 
Asni 
Control 
Stressed 
135 
131 
292 
265 
366 
323 
Acsad 176 
Control 
Stressed 
147 
159 
270 
275 
364 
330 
S.E. 
Control*= normal irrigation 
Stressed** = stressed irrigation 
Table 13. Prediction of cellulose concentration of four spring barley 
cultivars as influenced by water stress 
Cultivar Treatment Model 
Barlis 628 
Control * 
Stressed** 
Y = 52.2 + 2.7X 0.88** 
Y = 96.0 + 1.7X 0.92** 
Tamallalt 
Control 
Stressed 
Y = 84.4 + 2.IX 0.91** 
Y = 115.5 + 1.6X 0.83** 
Asni 
Control 
Stressed 
Y 
Y 
25.2 + 2.8X 
51.1 + 2.ox 
0.92** 
0. 86** 
Acsad 176 
Control 
Stressed 
Y = 69.3 + 2.6X 0.89** 
Y = 100.0 + 2.ox 0.90** 
n = 48 
X = Days after emergence. 
Y = Cellulose concentration between tillering and mature 
stages. 
* = significant at p=0.05; ** = significant at p=0.01 
Control* = normal irrigation 
Stressed** = stressed irrigation 
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Table 14. Water-deficit effects on lignin concentration of four spring 
barley cultivars at different growth stages 
Cultivar Treatment Tillering Anthesis Mature 
Barlis 628 
Control* 
Stressed** 
25 
2 6  
g kg 
32 
39 
55 
46 
Tamallalt 
Control 
Stressed 
26 
28 
36 
34 
56 
45 
Asni 
Control 
Stressed 
30 
33 
42 
40 
50 
41 
Acsad 176 
Control 
Stressed 
24 
24 
44 
36 
56 
41 
S.E. 
Control* = normal irrigation 
Stressed** = stressed irrigation 
Table 15. Prediction of lignin concentration of four spring barley 
cultivars as influenced by water stress 
Cultivar Treatment Model r^ 
Barlis 628 
Tamallalt 
Asni 
Acsad 176 
Control * y = 11.9 + 0. 4X 0.56* 
Stressed'' Y = 19.8 + 0. 2X 0.82** 
Control y 14.0 + 0. 3X 0.86** 
Stressed Y = 21.8 + 0. 2X 0.75** 
Control Y S 20.2 + 0. 2X 0.83** 
Stressed Y = 29.1 + 0. IX 0.77** 
Control Y 12.7 + 0. 4X 0.82** 
Stressed Y = 17.7 + 0. 2X 0.88** 
n = 48 
X = Days after emergence. 
Y = Lignin concentration between tillering and mature stages. 
* = significant at p=0.05; ** = significant at p=0.01 
Control* = normal irrigation 
Stressed** = stressed irrigation 
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Table 16. Pearson correlation coefficients of leaf-to-stem ratio, 
grain yield, and total forage yield with forage quality 
characteristics at different growth stages of barley 
Hemicel Cell Lignin CP IVDDM 
Leaf/stem 
Tillering -0.02 -0.09 -0.01 -0.05 -0.03 
Anthesis -0.06 -0.11 -0.02 0.14 0.17 
Mature -0.05 -0.18 -0.21 0.30** 0.26 
Grain yield 
Tillering -0.12 -0.14 -0.12 -0.11 -0.08 
Anthesis -0.48** -0.20 0.11 -0.10 0.06 
Mature -0.13 -0.17 0.26** 0.27** 0.25** 
Forage yield 
Tillering -0.21* -0.27** -0.16 -0.22* -0.17* 
Anthesis -0.49** -0.06 0.00 0.01 0.31** 
Mature -0.11 -0.26** -0.13 0.20* 0.11 
Turgor pressure 
Tillering 0.03 0.08 0.07 0.05 0.07 
Anthesis 0.01 -0.13 -0.08 0.22** 0.10* 
Mature -0.11 -0.36** -0.43** 0.76** 0.37** 
Hemcell= hemicellulose Cell= cellulose 
CP= crude Protein IVDDM = in vitro digestible dry matter 
n = 144 
* = Significant p=0.05; **= Significant p=0.01 
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Turgor pressure also had a highly significant positive relationship with CP concentration 
and IVDDM at the mature stage. These results suggest that increased turgor pressure 
and osmotic adjustment in maturing barley leaf tissue are highly related to N 
concentration of this tissue. 
Within cultivar 
The leaf-to-stem ratio was negatively associated to cellulose concentration either at 
an thesis (Acsad 176) or mature stage (Barlis 628), or both anthesis and mature stage 
(Asni), and to hemicellulose concentration at anthesis (Tamallalt) (Table 17). Crude 
protein concentration was positively and highly correlated to the leaf-to-stem ration in 
Barlis 628 and Asni, but not in the other two cultivars. IVDDM was positively related to 
the same ratio at anthesis in both two row barleys, Tamallalt and Asni, and at the mature 
stage only in Asni. 
Negative relationships were obtained between grain yield and hemicellulose 
concentration at anthesis of all cultivars but Asni (Table 18). Grain yield was negatively 
associated to CP concentration in all cultivars either at anthesis or mature stages, but not 
in Barlis 628. It was also negatively related to IVDDM at the mature stage in the two-
row barleys , Asni and Tamallalt. For Acsad 176, grain yield was positively related to 
lignin concentration at the mature stage. 
Hemicellulose concentration particularly at anthesis, was negatively related to the 
total forage yield in all cultivars (Table 19). Cellulose concentration and forage yield did 
not have consistent relationships for all cultivars. For example, cellulose concentration 
was highly and positively related to DM yield in Tamallalt, negatively related to DM 
yield in Acsad 176, and not related in Barlis 628 and Asni. IVDDM was positively 
associated with DM yield in all cultivars but Acsad 176. 
Positive relationships existed between turgor pressure and CP concentration at 
anthesis for all cultivars, and at the mature stage for the six-row barleys, Acsad 176 and 
Barlis 628 (Table 20). Turgor pressure was negatively related to the concentrations of 
ADF components, cellulose and lignin, at the mature stage in all cultivars. 
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Table 17. Pearson correlation coefficients of leaf-to-stem ratio 
with forage quality characteristics at different growth 
stages of barley for four cultivars 
Hemicel Cell Lignin CP IVDDM 
Barlis 628 
Tillering 0.03 -0. 07 0. 03 -0.03 0. 00 
Anthesis -0.29 0. 06 -0. 09 0.39* -0. 14 
Mature -0.12 -0. 33* -0. 14 0.34* 0. 00 
Tamallalt 
Tillering -0.03 -0. 03 -0. 03 0.00 0. 00 
Anthesis -0.44** 0. 18 0. 25 0.00 0. 39* 
Mature -0.04 0. 07 -0. 04 0.07 0. 09 
Asni 
Tillering 0.08 -0. 04 -0. 04 0.00 0. 04 
Anthesis -0.29 -0. 46* -0. 18 0.12 0. 49** 
Mature -0.15 -0. 60** -0. 42 0. 67** 0. 54** 
Acsad 176 
Tillering -0.20 -0. 18 -0. 18 -0.19 -0. 24 
Anthesis 0.22 -0. 35* -0. 9 -0.07 0. 04 
Mature 0.01 0. 12 0. 00 -0.01 0. 26 
Hemcell= hemicellulose Cell= cellulose CP= crude 
Protein IVDDM = in vitro digestible dry matter 
n = 36 
* = Significant p=0.05; **= Significant p=0.01 
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Table 18. Pearson correlation coefficients of grain yield with 
forage quality characteristics at different growth stages 
of barley for four cultivars 
Hemicel Cell Lignin CP IVDDM 
Barlis 628 
Tillering -0. 03 -0. 19 0.01 -0. 10 -0. 03 
Anthesis -0. 65** 0. 00 -0.28 0. 07 0. 19 
Mature -0. 57** -0. 01 0.20 -0. 12 0. 03 
Tamallalt 
Tillering -0. 15 -0. 15 -0.16 -0. 14 -0. 15 
Anthesis -0. 55** -0. 15 0.07 -0. 30 -0. 06 
Mature 0. 19 0. 03 0.34* -0. 47** -0. 35* 
Asni 
Tillering -0. 16 -0. 22 -0.25 -0. 17 -0. 17 
Anthesis -0. 17 0. 15 0.09 -0. 11 0. 03 
Mature 0. 05 0. 49** 0.08 -0. 41* -0. 48** 
Acsad 176 
Tillering -0. 12 -0. 07 0.02 -0. 05 -0. 02 
Anthesis 0. 54** -0. 16 0.45** -0. 45** -0. 08 
Mature 0. 03 0. 14 0.43** -0. 26 -0. 23 
Hemcell= hemicellulose Cell= cellulose CP= crude 
Protein IVDDM = in vitro digestible dry matter 
n = 36 
* = Significant p=0.05; **= Significant p=0.01 
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Table 19. Pearson correlation coefficients of forage yield with 
forage quality characteristics at different growth stages 
of barley for four cultivars 
Hemicel Cell Lignin CP IVDDM 
Barlis 628 
Tillering -0.26 -0. 43** -0.20 -0. 29 -0.28 
Anthesis -0.50** 0. 07 0.23 0. 34* 0.36* 
Mature -0.44** -0. 19 0.00 0. 14 0.31 
Tamallalt 
Tillering -0.34* -0. 21 -0.25 -0. 32 -0.27 
Anthesis -0.30 -0. 13 0.06 0. 21 0.38* 
Mature 0.26 0. 69** -0.24 0. 27 0.28 
Asni 
Tillering 0.00 -0. 18 -0.24 -0. 13 0.04 
Anthesis -0.57 -0. 25 -0.24 -0. 11 0.60** 
Mature 0.09 -0. 06 -0.40* -0. 27 0.04 
Acsad 176 
Tillering -0.24 -0. 18 -0.07 -0. 21 -0.13 
Anthesis -0.69** -0. 30 0.31 0. 00 -0.15 
Mature -0.36* -0. 33* 0.16 0. 20 0.01 
Hemcell= hemicellulose Cell= cellulose CP= crude 
Protein IVDDM = in vitro digestible dry matter 
n = 35 
* = Significant p=0.05; **= Significant p=0.01 
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Table 20. Pearson correlation coefficients of turgor pressure with 
forage quality characteristics at different growth 
stages of barley for four cultivars 
Hemicel Cell Lignin CP IVDDM 
Barlis 628 
Tillering 0. 15 0. 13 0. 16 0. 21 0. 16 
Anthesis 0. 01 -0. 06 0. 13 0. 59** 0. 01 
Mature -0. 06 -0. 45** -0. 45** 0. 79** 0. 42** 
Tamallalt 
Tillering -0. 07 0. 04 0. 01 -0. 07 -0. 04 
Anthesis 0. 34 ~0. 01 -0. 01 -0. 33 0. 08 
Mature -0. 09 -0. 20 -0. 38* 0. 70** 0. 37* 
Asni 
Tillering 0. GO 0. 00 -0. 02 -0. 03 0. 02 
Anthesis 0. 01 -0. 44** -0. 12 0. 04 0. 20 
Mature 0. 01 -0. 47** -0. 37* 0. 81** 0. 61** 
Acsad 176 
Tillering 0. 09 0. 16 0. 16 0. 11 0. 15 
Anthesis -0. 09 0. 06 -0. 28 0. 73** 0. 01 
Mature -0. 26 -0. 45** -0. 52** 0. 84** 0. 07 
Hemcell= hemicellulose Cell= cellulose CP= crude 
Protein IVDDM = in vitro digestible dry matter 
n = 36 
* = Significant p=0.05; **= Significant p=0.01 
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CONCLUSIONS 
Barley cultivars differed in their concentrations of CP, IVDDM, and cell-wall 
components under defoliation or water stress treatments. Straw concentrations of cell-
solubles, hemicellulose, lignin, and IVDDM were similar for all cultivars (376, 238, 49, 
and 641 g kg"' DM, respectively). Straw of six-row barleys contained higher CP 
concentration than the two-row cultivars (11% more CP). Cellulose concentration was 
highest in straw of Tamallalt (388 g kg"' DM). Defoliation improved the quality 
characteristics of forage at the tillering stage and that of mature straw. 
Water stress maintained concentrations of CP, IVDDM, and cell solubles at higher 
levels in straw than in nonstressed plants (55, 2, and 6%, or more than the control, 
respectively). Hemicellulose concentration was not affected by water stress. Rates of 
accumulation of cellulose and lignin concentrations were reduced by water deficit. 
Crude protein concentration and IVDDM in straw were positively correlated with 
the leaf-to-stem ratio, forage yield, and turgor pressure, but negatively related to grain 
yield. Forage yield, turgor pressure and grain yield were negatively related with 
cellulose, hemicellulose, and lignin concentration. Forage quality was improved after 
defoliation and water stress, and that higher N concentration in straw was positively 
related to higher leaf-to-stem ratio and forage DM yield, but negatively related to grain 
yield. 
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GENERAL DISCUSSION 
The four barley cultivars investigated in this study confirmed their divergence for 
morphological, physiological, and forage quality characteristics that allow them to 
respond differently to grazing. The "dual-use" cultivar Asni and the "forage barley" 
cultivar Barlis 628 were relatively tall and produced higher forage yields that had higher 
IVDDM. The "grain only" cultivar Acsad 176 produced medium forage production but 
higher grain yield and higher CP concentrations compared to the other cultivars. The 
two-row barleys, Asni and Tamallalt, produced more tillers per plant than the six-row 
cultivars. During stem elongation, tiller mortality increased as result of the rapid growth 
of stems that mobilized most of nutrients. 
Under well irrigated conditions of the greenhouse, in the absence of defoliation, 
barley cultivars produced maximum forage and grain yields, but once defoliated both total 
forage DM and grain yields were decreased as a result of decreased tiller numbers, leaf 
area, spike number, root weight, and increased shoot-to-root ratio. Increasing defoliation 
intensity reduced further the total forage and grain yields. Both water stress and the 
stage of maturity for defoliation reduced total DM and grain yields. The rates of 
decrease of grain yield per unit of total forage removed varied with cultivar and 
treatment. 
Under field conditions, however, not all nondefoliated plants produced maximum 
total forage and grain yields. For example under fully irrigated conditions, the cultivar 
Asni produced its highest grain yield when moderately defoliated and produced its highest 
DM yield when severely defoliated (Fig. 9). This was mainly related to the increased 
intraplant and interplant competition for nutrients and increased water stress during the 
elongation stage under the field conditions compared to greenhouse conditions. 
Nevertheless, results from the field studies were consistent with the greenhouse studies in 
demonstrating the high potential for higher grain yield of Acsad 176, and the high 
potential for higher forage DM yield of Barlis 628. 
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Under nonlimited water conditions, forage DM and grain yields of barley cultivars 
were positively correlated with IVDDM and CP concentrations at an thesis and mature 
stages suggesting, therefore, that barleys having a high potential for high forage or grain 
yield would have high forage quality of hay and straw, opposite to what was previously 
reported by Chapko et al. (1991). Furthermore, grain yield, total forage DM yield, and 
forage quality were positively correlated with each other. 
Under water-limited conditions however, CP concentration and IVDDM in straw 
were positively correlated with the leaf-to-stem ratio, forage yield, and turgor pressure, 
but negatively related to grain yield. Forage quality was improved by water stress at 
an thesis and mature stages as a result of increased IVDDM, CP, and cell-solubles 
concentrations, and decreased cellulose and lignin concentrations. Osmotic adjustment in 
barley was positively correlated with total N concentration at the mature stage suggesting 
a N-compound involvement in maintaining higher turgor pressure in barley stressed 
plants. 
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GENERAL CONCLUSIONS 
Barley cultivars varied in their agronomic traits. Tiller mortality increased during 
stem elongation. Interactions between stage and intensity of defoliation were not 
significant but significant cultivar by water stress were found for vegetative and 
reproductive periods, leaf area, CER, and stomatal conductance. Defoliation reduced 
plant height, leaf area, DM yield, grain yield, spike number, tiller number at anthesis, 
and WUE, but did not affect water potential, solute potential or turgor pressure. It 
increased the shoot-to-root ratio, delayed anthesis date and shortened the reproductive 
period. 
Water stress reduced plant height, leaf area, CER by more than 50%, water 
potential, solute potential, total DM yield by more than 11%, and grain yield by more 
than 45% in all cultivars. It delayed anthesis date of all cultivars. The ability of 
cultivars to recover rapidly after defoliation was associated to a well-developed root 
system, large leaf weight, and low shoot-to-root ratio as was the case for Asni. 
Barley cultivars also differed in their forage quality characteristics. Crude 
protein, IVDDM, and cell-solubles concentrations declined linearly and cellulose and 
lignin concentrations increased linearly with time, whereas hemicellulose increased 
curvilinearly. The rates of increase or decrease of quality parameters were dependent on 
cultivars, defoliation, and irrigation treatments. 
Under irrigated conditions, DM yield was positively correlated with IVDDM (r = 
0.63) and CP (r = 0.64) at anthesis and mature stages. Grain yield, forage yield and 
forage digestibility were positively correlated with each other. 
Water stress maintained concentrations of CP, IVDDM, and cell solubles at higher 
levels in straw than in non stressed plants (55, 2, and 6%, or more than the control. 
Hemicellulose concentrations were not affected by water stress. Rates of accumulation of 
cellulose and lignin concentrations were reduced by water deficit. 
Crude protein concentration and IVDDM in straw were positively correlated with 
the leaf-to-stem ratio, forage yield, and turgor pressure, but negatively related to grain 
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yield. Forage yield, turgor pressure, and grain yield were negatively related with the 
concentration of cell-wall components. Forage quality was improved after defoliation and 
water stress, and that higher N concentration in straw was positively related to higher 
leaf-to-stem ratio and forage DM, but negatively related to grain yield. 
Hence, consideration should be given to grain yield, and forage yield reductions 
after defoliation, and forage quality when selecting barley cultivars for dual use. 
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